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Abstract 
In this thesis, the design, optimisation, fabrication and operation of 
waveguide based semiconductor lasers, integrated with polarisation mode 
convertors (PMCs), is described. Devices are fabricated in the GaAs/AlGaAs and 
InP/AlGaInAs material systems, using two types of structures; single PMC and 
back-to-back PMCs. The convertor designs are based upon air trenches, of sub-
wavelength dimensions, being introduced into waveguide structures in order to 
achieve an asymmetric cross-sectional profile, resulting in wave-pate 
functionality.  
The GaAs/AlGaAs PMCs are fabricated using reactive ion etching (RIE), 
and the phenomena of RIE lag technique is also exploited for obtaining the 
required asymmetric waveguide profile in a single etch step. These are then 
integrated with semiconductor lasers. The InP/AlGaInAs PMCs are fabricated 
using a combination of RIE and inductively coupled plasma (ICP) etching and are 
integrated with semiconductor lasers and also differential phase shifter (DPS) 
sections to realise devices with active polarisation control.  
Integrated devices fabricated on InP/AlGaInAs material system with a 
semiconductor laser, a PMC followed by a DPS section yields ~40 % polarisation 
mode conversion whilst the DPS section is held at the transparency condition. 
Greater than 85 % polarisation mode conversion was also obtained with back to 
back PMCs, which was complement to the devices fabricated with a single PMC. 
Furthermore, a first active polarisation controller, monolithically 
integrated with a semiconductor laser is reported. High speed modulation of the 
integrated device with 300 Mbps is also demonstrated via current injection to the 
phase shifter section of the device. 
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1.1. Introduction 
During the last thirty years, there has been an exponential growth in the 
exploitation of optical fibre based technologies and networks [1]. Global 
communications is now heavily reliant upon optical based technologies. Further 
developments in optical communications technologies aim to provide the basis for 
all-optical networking capabilities with the goal of hosting 1300 nm to 1600 nm 
bandwidth and carrying information with very low losses and flexible routing 
channels [2, 3]. Optical fibres are the preferred medium for carrying data, but can 
suffer from limitations like dispersion and attenuation which reduces the 
transmission length, thus limiting the available bandwidth. This dispersion in 
optical fibres can be material, polarisation dependant or geometrical. The impact 
of these factors becomes prominent as the length of optical fibre is increased and 
the signal weakens. This weakened signal can be regenerated using several 
techniques which involve signal detection, electrical amplification of the signal, 
re-timing, pulse shaping and re-transmission. The advent of erbium doped fibre 
amplifiers (EDFAs) [4] have advanced the optical data networks. Initially reported 
by both Desurvire et al. [5] and Mears et al. [6] in 1987 the EDFA is designed to 
operate at the crucial 1550 nm telecommunications wavelength, and provides the 
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means for cost effective amplification, and enhanced performance, in current fibre 
optic based communication systems. The development of dense wavelength 
division multiplexed (DWDM) [7] systems resulted in the ability to transmit 
multiple signals, each at different modulation format and data rates, and each with 
a slightly different wavelength, on a single transmission fibre. This also resulted 
in the enhanced performance and efficiency of fibre optic based communication 
networks. A schematic picture of a DWDM system is shown in Figure 1.1. 
 
Figure 1.1: A schematic picture of the dense wavelength division multiplexing 
system. 
Additionally, by coupling a DWDM system with a polarisation division 
multiplexer (PDM) [8], two orthogonally polarised optical signals of the same 
wavelength, with different modulation formats and data rates, can be merged to 
travel along a single transmission line, effectively doubling the fibre’s capacity. 
The transmitted signal is split at the receiver and two orthogonally orientated 
polarised filters are used to recover the original orthogonally polarised signals. A 
schematic diagram of the principle of the PDM technique is shown in Figure 1.2. 
 
Figure 1.2: A schematic diagram of the principle of the polarisation division 
multiplexer technique. 
Chapter 1  Introduction 
3 
High transmission rates and processing capabilities in optical 
communication systems necessitate high performance, high reliability and cost 
effective [3] electrical and optical components. These requirements become ever 
more stringent for enhanced next generation network services [9, 10], therefore, a 
successive migration of discrete active and passive components to an integrated 
level is desirable. In the electronic domain, various functionalities based on the 
discrete components have been realised in low cost, very large scale, integrated 
(VLSI) circuits [11]. This trend overlaps to their optoelectronic counterparts such 
as large scale optoelectronic integrated circuits (OEICs) [12, 13] and photonic 
integrated circuits (PICs) [14, 15]. Integrated circuits realised with lithography not 
only reduces size but also minimises the number of packaging stages and 
eliminates costly and time consuming assembly, which further helps in reducing 
the coupling losses to optical fibres. Additionally, the reduction of manual 
alignment and the compactness of the integrated circuits decreases the impact of 
mechanical vibration or temperature change on the device performance [16]. 
Generally, PICs are polarisation sensitive. Therefore, potential PICs must 
be independent from variation in the state of polarisation (SOP) of the input light. 
This variation is due to the two principle state of polarisations (PSPs) in PICs, 
which are commonly referred as transverse electric (TE) and transverse magnetic 
(TM) polarisations. TE is referred to light polarised in the plane of the wafer, 
whereas, TM is referred to light polarised perpendicular to the wafer. The problem 
of varying SOP of the signal, received at the output of a fibre span needs to be 
overcome in both the optical fibres and at the fibre-OEIC/PIC interfaces. This 
random effect of SOP in the optical fibres can be minimised using a costly 
installation of polarisation maintaining (PM) fibres [17], and receivers in PICs can 
be designed to operate independent of the incoming SOP. Therefore, the 
importance of polarisation control and manipulation is becoming ever-more 
critical as optical fibre systems progress towards data rates at Gigabit or higher 
rates with greater data processing capabilities. 
Polarisation states can be manipulated by using bulk optics, or, more 
effectively through the use of integrated polarisation control techniques. These are 
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based upon the careful design of the semiconductor planar waveguide materials or 
through integration schemes based upon the incorporation of compact waveguide-
based polarisation mode convertors (PMCs). PMCs are used to convert the SOP of 
the incoming signal into another state. These are realised as both active and 
passive devices. Active PMCs have been realised by applying magneto-optic [18], 
electro-optic [19, 20] and photo-elastic [21, 22] effects and require an external 
power supply and a control unit. Therefore, integrated passive PMCs are 
preferred. The subsequent section gives an overview of potential applications of 
integrated PMCs. 
1.2. Polarisation mode dispersion 
The SOP of the signal at the sender output and receiver input usually do 
not correspond to each other. This is due to the transmission characteristics of the 
optical data link, and caused by the polarisation mode dispersion (PMD) [23-25]. 
The PMD effects are linear electromagnetic propagation phenomenon, which 
occurs in single mode fibres. Despite of the name, this single mode fibre actually 
supports two modes of propagation which are orthogonally polarised to each 
other. These two orthogonal modes are referred to as the principle state of 
polarisations (PSPs) [26]. In an ideal fibre, due to the symmetry of the refractive 
indices, the two orthogonal modes are degenerate, whereas, in a real fibre, small 
imperfections results in a non symmetrical refractive indices distribution, which 
leads to a random birefringence along the fibre length. This non-symmetrical 
distribution of refractive indices is due to the internal stress on the fibre core and 
the geometry, such as elliptical cross sections, micro-bends or micro-twists [27], 
and also on external factors such as temperature, electric or magnetic fields. 
Because of optical birefringence in the fibre, the two orthogonal modes 
experience different refractive indices, resulting in different propagation 
constants, and therefore, with different group velocities, referred to as differential 
group delay. This random change of birefringence along the fibre length results in 
random coupling of modes, and leads to pulse distortion and system impairments 
that limit the transmission capacity of the fibre [27]. A single mode fibre can be 
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modelled as a concatenation of short fibre sections, which are assumed to be short 
enough that any perturbations acting on them are constant over their entire 
individual lengths [28]. In the frequency domain, PMD manifests itself as the 
frequency dependant variation of the SOP at the fibre section output for a fixed 
input polarisation [29], whereas, in the time domain, there is a mean time delay of 
a pulse traversing the fibre which is a function of the polarisation of the input 
pulse. Furthermore, the amount of change in the polarisation is a function of the 
wavelength. 
1.3. Applications of polarisation mode convertors 
PMCs are used mainly for polarisation manipulation and control in a 
diverse range of applications including polarimetry [30], metrology [31], time of 
flight [32] and optical communication systems. PMCs are important for networks 
developed to transmit information with GHz rates. In applications such as the 
polarisation division multiplexer (PDM) [8], a transverse magnetic (TM) polarised 
signal (with the electrical vector normal to the plane of the wafer) is desired at the 
output. This can be obtained by fabricating a PMC monolithically integrated with 
a semiconductor laser all upon an active waveguide material. A schematic 
diagram of this arrangement is shown in Figure 1.3. 
 
Figure 1.3: A schematic diagram of integrated semiconductor laser with PMC to 
establish a TM polarised output signal. 
In the majority of semiconductor based lasers, there is a gain difference 
between the transverse electric (TE) mode, with it’s electrical vector orientated in 
the plane of the wafer, and the orthogonal TM mode. This difference is due to 
quantum mechanical selection rules linked to the energy levels of heavy holes 
Chapter 1  Introduction 
6 
(hh) and light holes (lh) in the semiconductors valance band. This mechanism is 
explored more fully in subsequent sections. Furthermore, SOAs typically operate 
in the TE mode and there are various losses (e.g. coupling inter-faces) and 
additional noise in SOAs represents a power penalty for their operation. Several 
techniques to overcome the gain difference, including the use of waveguides with 
different cross-sectional designs [33, 34] and strained layer materials [35-38] have 
been reported. Other techniques, where semiconductor optical amplifiers (SOAs) 
are placed either in parallel or in series with PMCs to eliminate the gain difference 
have also been reported [39, 40] and schematic diagrams of these techniques are 
shown in Figure 1.4. 
 
Figure 1.4: Schematic diagrams of two possible configurations of integrated 
polarisation independent amplifier circuit structures: (a) parallel and (b) series. 
In the parallel structure arrangement (Figure 1.4 (a)), the incident signal 
first passes through the polarisation splitter and is split into TE and TM polarised 
components. The TE component is directly coupled with SOA for amplification, 
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whereas, in the other branch, the TM component first passes through a 90º PMC 
converting it to the TE polarisation. Thereon, that TE component passes through 
SOA for amplification and is again converted, back to TM via second 90º PMC. 
Both amplified components are then re-combined through a polarisation combiner 
to give the same SOP as at the input. 
In the series structure arrangement (Figure 1.4 (b)), both TE and TM 
components pass through the structure. The TE component of the signal is 
amplified in the first SOA, whereas, the TM component remains unaffected. In 
order to obtain equal gain in both the TE and TM components, PMC is inserted, 
which rotates both the components by 90º. The second SOA now amplifies the 
TM rotated TE signal, whereas, the TE rotated to TM component passes through 
unaffected. A second 90º PMC then converts both the components back to their 
original SOP. Both techniques by using PMCs in parallel or in series with SOAs 
help to attain polarisation independence. 
Polarisation dependent effects can also be controlled using the polarisation 
diversity scheme proposed by Barwicz et al. [41] for integrated devices (Figure 
1.5). This scheme also helps to attain polarisation independence. 
 
Figure 1.5: Integrated polarisation diversity scheme [41]. 
In this scheme, an incident signal is split into it’s two orthogonal TE and 
TM components via a polarisation splitter. The TM component is rotated into a 
TE state when it passes through the 90º PMC. The TE components travelling in 
each branch then pass through two identical photonic structures, which are TE 
polarisation sensitive. The original TE component in the lower branch is then 
converted to TM using a 90º PMC to avoid from any type of interference during 
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recombination of the signal through the polarisation combiner at the output of the 
device. This scheme is suggested to avoid any type of fabrication imperfections. 
Integrated optical isolators are also a potential application of PMCs (or 
polarisation rotators). Optical sources which are stable with narrow linewidths are 
desired in integrated optical circuits. These sources must be free from the injection 
noise that arises as a result of emitted radiations that are reflected back into the 
laser cavity [42-49]. Bulk isolators [50] based on the magneto-optic Faraday 
effect [18] have been realised and are in general use today, however, they are 
bulky and add cost to systems due to intricate alignment requirements. 
Furthermore, the gyrotropic media are required in realising magneto optic isolator 
devices. Monolithically integrated isolators are, therefore, highly desirable, and 
initial demonstrations of such devices have been interesting [51-53]. The 
functionality of the isolators is illustrated in Figure 1.6. 
 
Figure 1.6: A schematic diagram of the functionality of an integrated optical 
isolator fabricated monolithically. 
The device shown in Figure 1.6 is formed using a TM absorber [54] with 
non-reciprocal [55, 56] and reciprocal [57, 58] rotation sections. Here, each 
rotation section rotates the SOP of incoming signal by an angle of 45º. 
Semiconductor hetero-structure lasers predominately emit TE polarised 
light. This emitted signal passes through the TM absorber, then the non-reciprocal 
and reciprocal rotation sections. The TE signal undergoes a non-reciprocal 45º 
rotation, followed by a -45º reciprocal rotation, thus cancelling the imparted 
polarisations, and returns the polarisation to its original state. Hence, in the 
forward propagation direction, a TE signal is emitted at the output facet of the 
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device. Any reflection of this signal back into the output facet of the device, 
undergoes a combined rotation (of 90º) from the two rotation sections and 
becomes a TM polarised signal. This TM signal is then absorbed by the TM 
absorber and no light travels back to the input laser. 
PMCs are also used as wave plates or retardation plates. If the PMCs are 
fabricated such that the phase difference between the two orthogonal components 
TE and TM fields become pi  (or 180º), which corresponds to one half of the 
wavelength ( / 2λ ) the PMC is referred to as a half wave plate. Alternatively, if 
the phase difference becomes / 2pi  (or 90º), corresponding to one quarter of the 
wavelength ( / 4λ ) the PMC is referred to as a quarter wave plate. These concepts 
are explained further in the next chapter. 
Due to the increasing requirement for the polarisation control, it is, 
therefore the intention of this study to design, fabricate and test various integrated 
polarisation control techniques/technologies. 
1.4. Thesis outline 
The remainder of this thesis is compiled as follows: 
Chapter 2 explains the basic theory of semiconductor materials, lasers and 
semiconductor optical amplifiers (SOAs). An overview of semiconductor 
properties - including bulk, quantum well and strained quantum well materials -, 
is presented. The theory of direct and indirect band-gap transitions and the effects 
of heavy and light hole transitions upon resultant polarisation states, and 
polarisation insensitive devices, are presented and explained. The governing 
equations behind the functionality of PMCs based on structural birefringence are 
also reviewed. The chapter finishes with a detailed review of the major 
contributions towards the realisation of integrated PMCs. 
Chapter 3 provides an overview of the fabrication technologies used throughout 
this investigation. This includes electron-beam and photo-lithographic techniques 
and dry etch processing. A complete overview of fabrication processes is 
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presented, which starts from cleaning of the wafer, through dry etching and 
metallisation lift off techniques. 
Chapter 4 covers the characterisation of the GaAs/AlGaAs material based device 
used in this research. The methods for material characterisation including 
transmission line measurement (TLM) and characterisation of ridge waveguide 
based lasers are presented. Furthermore, Fabry-Perot Laser (FPL) design, 
optimisation, realisation and characterisation are explained. The active 
semiconductor material properties, such as, the internal quantum efficiency ( iη ), 
internal loss ( iα ), threshold current density ( thJ ) and the modal optical gain ( mg ) 
of the devices, are presented. The optical spectrum and the far-field measurements 
are also discussed in this chapter. 
Chapter 5 demonstrates the principle design and optimisation, fabrication and 
characterisation of a single trench and single etched passive PMC - obtained 
through the use of the reactive ion etch (RIE) lag technique. The characteristics of 
integrated devices fabricated in the GaAs/AlGaAs material system are also 
presented. Device structures designed with both deep and shallow etched regions 
for active device functionality are discussed. The results obtained through the 
characterisation of fabricated devices are presented. 
Chapter 6 describes the structure of the InP/AlGaInAs material system with a 
brief description of the epitaxial layers and the band diagram. The structures 
devised for the realisation of the devices using a single PMC and back-to-back 
PMCs integrated with semiconductor lasers are presented, with discussion of their 
modelling and optimisation. The characterisation and measurement of these 
devices, including transparency current, optical spectrum and polarisation mode 
conversion efficiency, is reviewed. Furthermore, the dynamic polarisation control 
of incoming signals and the temporal response of the polarisation modulation 
using a function generator are presented. The response of these devices when 
applying electrical binary input data and the corresponding optical output pulse 
trains obtained are also presented, including the high speed modulation of the 
polarisation at 300 Mbps. 
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Finally, conclusions and the recommendations for the future work are given in 
Chapter 7. 
Table 1.1: Resource distribution map. 
Activities Author’s involvement 
Ridge waveguide lasers  
Design and optimisation Complete 
Device fabrication Complete 
Characterisation Complete 
Polarisation mode convertors 
(GaAs/AlGaAs) 
 
Material design - 
Modelling and design complete 
Fabrication complete 
Characterisation complete 
Fabrication process optimisation Complete 
Active Polarisation mode convertors 
(InP/AlGaInAs) 
 
Material design - 
Modelling and design complete 
Fabrication - 
Characterisation complete 
 
In this research work, a design of PMC with single trench was made. This 
trench helps to rotate the optical axis of the PMC to attain 50 % (half) or 100 % 
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(full) polarisation mode conversion depending upon the trench depth. 
Additionally, a novel design by attaching two back to back PMCs to attain 100 % 
polarisation mode conversion was devised. The design was also made for 
integrated devices by incorporating a single and two PMCs with a semiconductor 
laser, and a differential phase shifter section. These integrated devices were 
fabricated for the first time on GaAs/AlGaAs and InP/AlInGaAs material systems. 
A dynamic polarisation control was achieved with single PMC devices and high 
speed polarisation modulation was attained at 300 Mbps, which is absolutely a 
novel aspect of the work in this thesis.  
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2.1. Introduction 
In this chapter, a review of semiconductor materials used throughout the 
investigation including bulk, quantum well and strained quantum well materials, 
are discussed. Further, semiconductor optical amplifiers (SOAs), which most 
aptly demonstrate the requirement for polarisation control in integrated optical 
circuits and photonic integrated circuits (PICs), are presented. Thereon, 
polarisation mode convertor theory and a review of major contributions in 
realisation of PMCs, are provided. 
2.2. Material aspects 
The field of optoelectronics is based principally upon the interactions 
between light and electrons within the materials through which the light is 
propagating. To ascertain the behaviour of optoelectronic materials and their 
characteristics, the fundamental principles of semiconductor physics are of great 
significance. In the next sections, a review of semiconductor materials including 
bulk, quantum well (QW) and strained quantum well materials are presented. 
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2.2.1. Semiconductor materials 
The study of semiconductor materials started in the early nineteenth 
century [1] and over the years many semiconductor materials have been 
investigated. The elemental semiconductors, which are composed of single 
species of atoms, are found to be in group IV of the periodic table like Silicon (Si) 
and Germanium (Ge) [2, 3]. However, compound semiconductors, which are 
composed of two or more elements, can be found from group III and group V of 
periodic table like GaAs, GaP, AlGaAs, InGaAsP etc. Other compound 
semiconductors belong to group II and group VI of the periodic table like ZnS, 
ZnTe, CdS etc [4]. 
For a III-V compound semiconductor such as GaAs, The Gallium (Ga) and 
Arsenic (As) atoms form a zincblende structure which consists of two 
interpenetrating face centred cubic lattices in which one belongs to group III 
atoms (Ga) and the other to group V atoms (As) as shown in Figure 2.1. 
 
Figure 2.1: A schematic diagram of a GaAs zinc-blende structure. 
The simplified planar bond structure [5, 6] of GaAs is shown in Figure 2.2 
(a) and (b). 
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Figure 2.2: (a) A planar bond structure of GaAs lattice showing the two valance 
electrons shared by a Ga and an As atom and (b) a bond structure showing a 
broken bond due to the absorption of a photon with energy above the band-gap. 
Here, each bond between adjacent atoms is indicated with two dots 
representing two valance electrons. These valance electrons are contributed by 
both Ga and As atoms. The bond structure shown in Figure 2.2 (a) clarifies that 
each Ga atom is connected to four nearby As atoms making four valance bonds. If 
there is no broken bond, this implies that there will be no free electrons available 
for conduction in the conduction band. The energy band diagram is shown in 
Figure 2.3. Here, cE  and vE  are the energies at the conduction and valance band 
edges respectively, whereas, the difference between the two is defined as the band 
gap energy gE  and is given by equation 2.1. 
g c vE E E= −  
2.1 
 
Figure 2.3: Energy-band diagram in real space. 
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When an incident photon with an optical energy hν , equal to or greater 
than the band-gap energy gE , strikes the semiconductor material, optical 
absorption can occur. This absorption of the photon may break the valance bond 
and generate an electron-hole pair. This phenomenon is illustrated in Figure 2.4 
where a dot represents a free electron propagating in the conduction band by 
leaving a hole in the valance band. Here, a hole is represented by the empty circle. 
 
Figure 2.4: The energy-band diagram showing the energy levels of the electron 
and the hole when an incident photon having optical energy, equal to or greater 
than the band-gap energy strikes the semiconductor material. 
If an electron in the conduction band recombines with the hole in the 
valance band, the excess energy emerges in the form of a photon. This process is 
referred to as spontaneous emission. Similarly if in the presence of a photon 
propagating in the semiconductor with the electrons in the conduction band and 
the holes in the valence band, the photon may stimulate the downward transition 
of the electron from the conduction band to the valance band and emit another 
photon, in phase with the incident photon and equal in energy in a process referred 
to as stimulated emission. 
Semiconductor materials are generally characterised by their energy-band 
structures, such as direct band-gap or indirect band-gap as shown in Figure 2.5. 
In direct band-gap materials (Figure 2.5 (a)), an electron-hole 
recombination occurs directly without the need of any phonon (or lattice 
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vibration) whereas in indirect band-gap materials (Figure 2.5 (b), phonons (or 
lattice vibrations) are needed for an electron–hole pair to recombine [4]. 
 
Figure 2.5: Energy-momentum diagram of (a) direct band-gap material and (b) 
indirect band-gap material. 
Direct band-gap materials are the most suitable and efficient ones for 
optoelectronic device fabrication. As there is no need of momentum change for 
excited electrons to recombine, most of the injected carriers contribute for light 
(photon) generation in a direct recombination process. Therefore, the direct band-
gap materials are preferred for making LEDs and LASERs. These materials are 
suitable light emitters through recombination process but also, as absorption of 
photons, causes electron-hole pairs generation, these can also be used as light 
detectors. The indirect band-gap materials (such as silicon) are used as detectors 
and in fabrication of solar cells, as they are less likely to re-emit the absorbed 
light. 
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Figure 2.6: Energy-band structure of a direct band-gap semiconductor 
material. 
2.2.2. Bulk material properties 
The material used in the active region of any semiconductor material 
determines its gain, operational properties and characteristics. Semiconductor 
materials with an active region with dimensions significantly larger than the 
deBroglie wavelength ( /B h pλ = ) are called bulk materials. This wavelength is 
associated to the momentum ( p ) of a particle and represents wave-particle 
duality. The active region of the bulk materials is grown using the direct band-gap 
materials where the top of the valance band and the bottom of the conduction 
band energies have the same momentum vector as shown in Figure 2.6. Here, the 
probability of radiative transitions from the conduction band to the valance band 
is much greater than the indirect band-gap materials. In Figure 2.6, there is one 
conduction band and three valance bands shown. Three valance bands represent 
heavy hole (hh), light hole (lh) and split off (so) bands. 
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The heavy and light hole bands are degenerate as the top of both bands 
have the same energy level and momentum. The energy of an electron at the 
bottom of the conduction band and the energy of the hole at the top of the valance 
band, is given by equations 2.2 and 2.3, respectively. 
2 2
2
a
c
kE
m
=
ℏ
 
2.2 
2 2
2
b
v
kE
m
=
ℏ
 
2.3 
Where ℏ  is the reduced Planks constant, which is equal to 2h pi , k  is 
the magnitude of the momentum vector and, cm  and vm  are the effective masses 
of the electron and the hole in the conduction and valence bands, respectively. 
The concept of density of states plays an important role in optical 
absorption and gain processes in semiconductors. The density of allowed electron 
states ( cρ ) and occupation probability ( cf ) of an electron, with energy E  in the 
conduction band, is given by equations 2.4 and 2.5. 
3/2
1 2 1/2( ) 2 22
mc
c E Eρ
pi
 
=  
 ℏ
 
2.4 
1( )
k1
fc E E Efc
T
e
 
 
 
 
=
−
+
 
2.5 
where fcE  is the quasi fermi level of the conduction band with respect to 
the bottom of the band, k  is the Boltzmann constant and T  is the temperature. 
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The Fermi level is a reference energy level at which the probability of occupation 
by an electron is one half. Its position/placement on the semiconductor energy-
band diagram depends upon the doping concentrations of the material. 
The total electron density ( n ) can be calculated by taking the integral over 
all the allowable energies, of the product of density of states and the occupation 
probability of those states, given by equation 2.6.  
( )0
3/2 1/21 2
2 2 /k2 1
fc
mc E
n dE
E E T
e
pi
∞
 
  
 
=  
−  +
∫
ℏ
 
2.6 
Similarly the hole density in the valance band ( p ) can be given by 
equation 2.7. 
( )0
3/2 1/21 2
2 2 /k2 1
fv
mv Ep dE
E E T
e
pi
∞
 
  
 
=  
−  +
∫
ℏ
 
2.7 
The electron and hole densities may then be used to calculate the optical 
gain of the material. 
2.2.3. Quantum well material 
Herbert Kroemer [7] was the first to propose in 1963, that population 
inversion could be remarkably enhanced in lasers, based on hetero-junctions. By 
incorporating a smaller layer of direct band-gap material like GaAs into the two 
larger band-gap layers of a material like AlAs, carriers can be confined in the 
lower band-gap area and lasing can occur with low threshold currents at the room 
temperature [8]. 
Later, it was further investigated and discovered that the band-gap can be 
controlled by making very thin layers in the active region. These thin layers are 
called quantum wells and are generally between 2 to 10 nm of thickness. 
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Electrons or holes can be confined in the direction perpendicular to the layer 
surface, although their movement cannot be completely blocked in the other 
directions. This confinement is a quantum effect and has deep effect on the 
density of states which becomes constant within certain energy levels in the 
quantum wells. A typical energy-density of states diagram for the quantum well 
and the bulk material is shown in Figure 2.7. 
 
Figure 2.7: Energy-density of states for quantum well and bulk semiconductors. 
The band-gap energy between the conduction band and the valence band 
can be controlled by the thickness of the well. It can be increased by narrowing 
the well, resultantly the wavelength is reduced. Therefore, by changing the 
thickness of the quantum well, the emitted wavelength can be altered in quantum 
well materials. 
Quantum wells structures can be grown using modern crystal growth 
techniques [9], such as molecular beam epitaxy (MBE) or metal organic chemical 
vapor deposition (MOCVD). The details of these growth techniques are not 
explained in detail due to being beyond the scope of this work. Electrons and 
holes can both be confined in these wells, and once an electron or a hole is 
captured in the well, the probability that it can escape from this well becomes very 
low leading to more likelihood of recombination. 
The energy band model for a single quantum well (SQW) is shown in 
Figure 2.8. Here, two type of holes, hh and lh are present in the valence band. 
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During recombination process, the electrons in the conduction band, and the holes 
in the valence band, recombine, resulting in the emission of a photon. This 
emission of a photon occurs, when the condition of degeneracy is satisfied, which 
is defined as a state at which the energy and the momentum of a heavy and light 
hole are the same. When the holes are not at degenerate state, they will emit more 
TE or TM depending upon their position in the valance band. If hh is closer to the 
conduction band, then TE will be more dominant than TM and vice versa. 
 
Figure 2.8: Energy band model for a single quantum well. 
 
Figure 2.9: A schematic multi quantum well energy band diagram. 
A multi quantum well (MQW) material can also be fabricated by stacking 
well and barrier layers (as shown in Figure 2.9). They have higher optical and 
carrier confinement due to the multi quantum wells as compared to the SQW 
material. The optical confinement factor of SQW depends upon the thickness of 
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the well and the refractive indices of the well and the barrier regions. Therefore, 
using multi-quantum wells, more confinement can be obtained. The confinement 
factor of MQW can be given as MQW w SQWNΓ = Γ , where wN  is the number of 
wells and SQWΓ  is a SQW confinement factor. Furthermore, quantum well 
materials have wider optical bandwidth and higher saturation output powers 
compared to bulk material devices. 
2.2.4. Strained quantum well materials 
Quantum well materials can be classified un-strained or strained 
depending upon their growth. The gain coefficient for the un-strained quantum 
well is very polarisation dependent. This is due to the fact that the optically 
induced transitions from the conduction band to the heavy hole valance band are 
more favourable, i.e. more TE polarised light than the TM polarised light, whereas 
the transitions from the conduction band to the light hole valance band, which are 
more favourable to the TM polarised light, are less significant. Induced strain in 
the quantum well materials can control the polarisation sensitivity to some extent. 
Strained layer super lattices [10, 11] have been of great interest since the 
early 1980s. It has been demonstrated that the material properties like lattice 
constant, band-gap and perpendicular transport effective mass can be altered by 
inducing strain within the semiconductor materials. Strain is induced in quantum 
well structures when the lattice parameter of the substrate does not match with the 
lattice parameter of the deposited layer, which must therefore deform in order for 
the two lattices to match with each other. Many applications of strained super 
lattices including long wavelength detectors [11] and semiconductor lasers [12] 
have been demonstrated. It has been shown that strained lattice material devices 
have superior performance in terms of polarisation sensitivity as compared to un-
strained or conventional devices [13, 14]. Two types of strains, compressive and 
tensile can be induced in the semiconductor materials. The effect upon the band 
diagram of the un-strained, compressive and tensile strain quantum well materials 
is shown in Figure 2.10. 
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Figure 2.10: Band-edge profile for the compressive strained, un-strained and 
tensile strained quantum wells. 
Strain induces a shift of cEδ  in the conduction band edge and hhEδ  and 
lhEδ  in the heavy and light hole band edges respectively, which are given by 
[15]. 
( )2c c xx zzE aδ ε ε= − +  
2.8 
( ) ( )2hh v xx zz xx zzE a bδ ε ε ε ε−= + +  
2.9 
( ) ( )2lh v xx zz xx zzE a bδ ε ε ε ε−= + −  
2.10 
where  
0
xx
a a
a
ε
−
=  and 
12
11
2zz xxC
C
ε ε= −  
In the above equations, ca , va  and b  are the conduction band, valance 
band and shear deformation potentials respectively, a  and 0a  are the well and 
the barrier lattice constants respectively. 11C  and 12C  are the shear elastic 
coefficients, respectively. 
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The value of these parameters and the effective masses of the electron and 
the hole depends upon the composition of the well and the barrier materials. 
In compressive strained quantum wells, the heavy hole band edge is closer 
to the conduction band edge than the light hole band edge, which leads to the 
more TE gain than TM gain. Conversely, in tensile strained quantum wells, the 
situation is reversed and the light hole band is found to be closer to the conduction 
band edge than the heavy hole band, which leads to more TM gain than TE gain in 
the material. In these materials, TE and TM gains are difficult to equalise, so it is 
hard to get polarisation insensitive gain. Polarisation insensitive devices can also 
be fabricated by inducing compressive and tensile strains in a single layer or by 
using the strain effects in the barrier layers of the quantum well materials. 
However, it is very difficult to achieve in practice [16-18]. 
When strain is induced in the material (either compressive or tensile), the 
cubic symmetry of the lattice is disturbed, which results in the removal of the 
degeneracy of the heavy and light hole bands. Due to large strain, hole effective 
mass is significantly reduced [18-22] along with the density of states [22, 23]. In 
this research work, InP/AlGaInAs material, which predominantly emits TE light, 
is used. This is a strained material, and described in detail in chapter 6. 
2.3. Semiconductor optical amplifiers 
Semiconductor optical amplifiers (SOAs), most aptly demonstrate the 
requirement for polarisation control in integrated optical circuits and photonic 
integrated circuits. These are fabricated in active media; the structures include a 
waveguide within a semiconductor gain medium. In an SOA, the injected signal 
propagates in the waveguide and is amplified through stimulated emission. This 
amplification process is referred to as a gain, which is achieved by inducing a 
population inversion in the active region of the waveguide using electrical 
pumping. As to the author’s knowledge, the highest gain obtained in quantum dot 
SOAs is 18 dB at 1300 nm wavelength [24]. The different SOA structures 
available today are based on the semiconductor p-n double hetero-structures, 
providing carrier confinement and optical guiding. 
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Early studies on SOAs were carried out in the 1960’s at the time when 
semiconductor lasers were first introduced. Later, several different types of SOA 
were demonstrated, in 1970’s and 1980’s [25-28], which operated at 830 nm, 
1300 nm and 1550 nm wavelengths [29]. Initially, SOAs were fabricated with 
asymmetrical waveguide structures having large polarisation sensitive gains. 
However, later (in 1989) SOAs with much reduced polarisation sensitivities [30] 
were fabricated with symmetrical waveguide structures. Onwards development in 
SOA design and fabrication progressed with advances in materials, fabrication 
technologies and devices (photonic integrated circuits), to a point where reliable 
and cost effective devices became available for use in optical communication 
systems. 
In SOAs, optical feedback and polarisation insensitivity are the two main 
challenges to accept them as practical amplifiers. The former is due to reflections 
at the cleaved facets, resulting in high gain reduction in the cavity resonance of 
the SOA. Therefore it is desirable to design SOAs to suppress the reflections from 
the end facets, and the facet reflectivities should satisfy the condition given in 
equation 2.11 [31]. 
1 2 0.17G R R <
 
2.11 
Where G  is the single pass amplification factor, and 1R  and 2R are the 
power reflection coefficients at the input and output facets, respectively. 
Polarisation sensitivity is another un-desirable feature of early SOAs, as 
the state of polarisation of the input signal varies randomly with time. Due to this, 
different amplifier gains appear for the transverse electric (TE) and the transverse 
magnetic (TM) modes of the semiconductor waveguide structures. Different 
techniques are employed to realise polarisation independent SOAs. These 
techniques include square cross section [32-35] or ridge waveguides [36] or 
strained layer super-lattice materials [16, 37-39]. The strain induced in the layers 
of the active region of the waveguide has a strong effect, and this is used to 
control the polarisation. TE and TM confinement factors are equalised by the 
Chapter 2                                            Theoretical background and literature review 
33 
effects of compressive and tensile strains either in the quantum well layers or 
barrier layers (as described in previous sections). In this research work, SOAs are 
used in integrated devices which act as differential phase shifter (DPS), and are 
further described in chapter 6. 
2.4. Polarisation mode convertors theory 
2.4.1. Maxwell’s Equations 
In optics, classical and quantum theories are benchmarks. In classical 
theory, the behaviour of light is considered in terms of electromagnetic fields and 
waves. Here, absorption and emissions have no importance and, therefore, it is 
suitable for use, in modelling passive components. Quantum theory describes that 
the light is composed of photons and exchange of energy occurs when photons 
interact with electrons. This theory is largely applied to active components [40]. 
The laws of electricity and magnetism, in classical theory, are described by 
Maxwell’s equations. These equations are the experimental verification of the 
existing theories of current and magnetism and provide the relations of different 
quantities describing the electric and magnetic fields. These quantities are electric 
displacement vector D, electric field strength E, magnetic flux density B, 
magnetic field strength H and current density J. 
Maxwell’s equations in differential form and in free space are given in 
equations 2.12 to 2.15. 
f = ρ∇ ⋅ D  
2.12 
 = 0∇ ⋅ B  
2.13 
 = -
t
∂∇ ×
∂
B
E  
2.14 
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f =  + 
t
∂∇ ×
∂
DH J  
2.15 
In the above equations, fρ  is the volume density of free charges and fJ  is 
the current density. These equations 2.12, 2.13, 2.14 and 2.15 are also called 
Gauss’s law, Gauss’s law for magnetism, Faraday’s law of induction and 
Ampere’s law (with Maxwell’s correction), respectively [40]. 
2.4.2. Wave Equations 
A prominent feature of Maxwell’s equations is to predict the presence of 
harmonically varying electric and magnetic fields, which are also known as 
electromagnetic waves. Wave equations can be derived by the assumptions that 
neither any current J nor any charges ρ  are present, and assuming non magnetic 
material (µ = µ0) where µ0 is the permeability of the free space, which is 4π×10−7 
V·s/(A·m). 
If we put D = εE and B = µ0H in equations 2.14 and 2.15 then there will 
be only two variables E and H. Here, ε is the permittivity of the material and is 
equal to 0 rε ε , where 0ε  is the permittivity of free space (8.85 x 10-12 F/m) and 
rε  is relative permittivity of the material, which is unity for free space. By taking 
the curl (vectorial operator) of equation 2.14, it yields 
)(  = (- )
t
∂∇ × ∇ × ∇ ×
∂
B
E  
0 )(
= (- )
t
µ∂∇ ×
∂
H
 
( )0= -
t
µ ∂ ∇ ×
∂
H  
0= -
t t
µ ∂ ∂  ∂ ∂ 
D
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2
2
0= -
t
µ ∂
∂
D
 
2.16 
By using the following standard vector quantity to simplify equation 2.16 
2( ) ( )∇ × ∇ × = ∇ ∇ ⋅ − ∇F F F  
2.17 
Here, the operator ∇  is a gradient of the scalar function φ , and 2∇  is a 
Laplacian and both are defined in Cartesian coordinates given in equations 2.18 
and 2.19. 
x y z
φ φ φφ ∂ ∂ ∂∇ = + +
∂ ∂ ∂
i j k
 
2.18 
2 2 2
2
2 2 2x y z
∂ ∂ ∂∇ = + +
∂ ∂ ∂  
2.19 
Using equations 2.18 and 2.19, equation 2.16 can be reduced to  
2 2 2
0)(  - =- ( )/ tµ ε∇ ∇ ⋅ ∇ ∂ ∂E E E
 
2.20 
This equation 2.20 is known as the wave equation for the electric field E. 
If the medium is homogeneous and isotropic, there is no charge and 
assuming that ε  is not time dependent then equation 2.20 can be given as 
2
2
0 2= t
µ ε ∂∇
∂
EE  
2.21 
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This equation 2.21 is called the vector wave equation for the electric field 
E. 
Similarly the vector wave equation for the magnetic field H can be derived 
which is given as  
2
2
0 2= t
µ ε ∂∇
∂
HH  
2.22 
The time independent wave equations for the electric field E and the 
magnetic fields H can also be derived from the aforementioned wave equations, 
which are given in equations 2.23 and 2.24. 
2 2
0+ 0ω µ ε∇ =E E  
2.23 
2 2
0 0ω µ ε∇ + =H H  
2.24 
These equations 2.23 and 2.24 are also applicable for the electric and 
magnetic fields oscillating with a single angular frequency ω  [40]. 
2.4.3. Plane waves 
The simplest solution to the wave equation (Helmholtz equation) is 
represented by a plane wave. A plane wave is a wave, whose surfaces of constant 
phase are infinite planes, perpendicular to the direction of propagation. Figure 
2.11 shows the geometry of the plane wave travelling in the +z direction. 
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Figure 2.11: The geometry of a plane wave travelling in +z direction. 
From Figure 2.11, it can be observed that the field variation is in the z 
direction, and there are no field quantities varying in x and y directions. i.e.
0x y∂ ∂ = ∂ ∂ = . For simplicity, it is possible to consider the electric field to 
have only a single component, i.e. in the x direction. Then equation 2.23 can be 
written in a scalar equation, which is 
2
2
02 0
d Ex
dz
ω µ ε+ =
 
2.25 
After derivation, this equation has a solution in the form, which is given as  
( )jkz
xEx E e
Λ
−
=
 
2.26 
where xE
Λ
 is a constant. By directly substituting this, in equation 2.25, this 
is valid for wave number (k), provided 
1 2
0( )k ω µ ε=
 
2.27 
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Therefore, the full solution in the time variation for forward propagating 
waves can be given as  
( )j t kz
xEx E e ω
Λ
 − 
=
 
2.28 
The wave number (k) can be expressed as  
2k pi λ=
 
2.29 
Here, λ  is a wavelength, representing the distance separating planes of 
equal phase as shown in Figure 2.11. 
The velocity of the wave, which is referred to as its phase velocity, is 
given by 
Vp k
ω
=
 
2.30 
From equation 2.27, the phase velocity can be calculated using equation 
2.30, thus 
1 2
0
1
( )Vp µ ε=
 
2.31 
After putting values of µ0 and 0ε  in equation 2.31, phase velocity is 
obtained 3 x 108 m/s, which is equivalent to the velocity of light (c). This is a 
major success of Maxwell’s equations. 
2.4.4. Polarisation 
Light is a transverse electromagnetic wave where the electric and magnetic 
field vectors oscillate at right angles to each other. By virtue of its transverse 
character, light can be polarised, such that the field vectors assume an ordered 
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arrangement in space and time. For linear polarisation, the electric field vectors all 
lie in a well-defined plane called the plane of polarisation. The magnetic field 
vectors then lie in an orthogonal plane. The process of transforming un-polarised 
light into polarised light is known as polarisation. If the electric field of a plane 
wave in vacuum propagates in the z direction then the most general form of the 
electromagnetic wave is given in equation 2.32 [40]. 
( ) ( )
x y
j t kz x j t kz yE e E eω φ ω φ− + − += +E i j  
2.32 
where xφ  and yφ  are constant arbitrary phase factors. The polarisation of 
the resulting wave mainly depends upon the values of xE , yE , xφ , and yφ . 
If the magnitude of the electric field vector is constant in the x and y 
directions and there is no change in the phases, i.e. xφ = yφ , then the polarisation 
is linear polarisation and can be expressed mathematically as  
0
( )j t kzE e ω φ− +=E  
2.33 
where 0 [ ]x yE E E= +i j  
In equation 2.33, the direction of the electric field vector is independent of 
time and space, therefore it is defined by a new vector, 0E . 0E  is the vectorial 
sum of xE i  and yE j  as shown in Figure 2.12. In linear polarisation, the direction 
of the electric field vector 0E  gives the direction of polarisation. 
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Figure 2.12: Construction of the polarisation vector. 
But if there is a change in the phases such as / 2x yφ φ pi= ±  and no 
change in the magnitude of the electric field vectors, then the polarisation is said 
to be circular polarised (left hand or right hand) and mathematically expressed as 
0 0
( ) ( / 2)j t kz j t kzE e E eω φ ω φ pi− + − + ±= +E i j  
2.34 
where 0 [ ]x yE E E= +i j  
When both the phase and the magnitude of the electric field vectors are not 
equal then the polarisation described as elliptical polarisation. 
Schematic representations of linear, right circular, left circular, right 
elliptical and left elliptical polarisations light are shown in Figure 2.13. 
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Figure 2.13: Schematic representations of polarised lights (a) linear (b) right 
circular (c) left circular (d) right elliptical and (e) left elliptical. 
2.4.5. Birefringence 
The relative permittivity (εr) of a crystal (material) mainly depends upon 
its electronic polarisability, which involves the displacement of electrons in 
various directions of the material. This change in εr in various crystal directions 
means that the refractive index of the material depends upon the direction of the 
electric field in the propagating light. Consequently, the velocity of light in the 
material depends upon the direction of propagation and the state of polarisation of 
the light. 
Generally, the propagation of light through crystals can be described in 
terms of the materials refractive indices, which are referred to as principle 
refractive indices n1, n2 and n3 along three directions x, y and z, respectively. 
These directions are mutually orthogonal to each other. Depending upon the 
lattice structures of the crystallographic material, these structures can be 
categorized in terms of their optical properties [40]. These can be cubic, uniaxial 
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or biaxial structures. In cubic crystal structure, the atomic lengths of the three unit 
cell dimensions are equal. Therefore, εr is the same in all the three directions, 
resultantly the refractive indices are the same, i.e. n1= n2= n3. These types of 
crystals are called isotropic crystals. In uniaxial crystal structures, there are two 
identical and one unique unit cell dimensions. Therefore, the relative permittivity 
components are the same in two directions, although, different in the third 
direction. This results in two identical refractive indices and one unique refractive 
index, i.e. n1= n2≠ n3. In biaxial crystal structures, the unit cell dimensions are not 
the same in all three directions resulting in three different εr components. 
Resultantly, there are three different refractive indices, i.e. n1≠ n2≠ n3. This 
phenomenon, in which changes in refractive indices occur, is referred to as 
birefringence. 
When light passes through any uniaxial material, it decomposes into two 
orthogonally polarised rays, which travel with different phase velocities, as they 
experience different refractive indices. These two polarised rays are called 
ordinary ray and extraordinary ray. The ordinary ray has the same phase velocity 
in all directions and the field is perpendicular to the phase propagation direction, 
whereas, the extraordinary ray has a phase velocity which depends upon the 
direction of propagation and its state of polarisation. 
In waveguides, these two different rays are known as TE and TM modes. 
This division of modes (Birefringence) is due to two dissimilar refractive indices 
for different polarisations to the material with single axis of anisotropy. Therefore, 
the birefringence magnitude is defined as 
e on n n∆ = −
 
2.35 
Where en  and on  are the refractive indices for polarisations perpendicular 
(ordinary) and parallel (extraordinary) to the axis of anisotropy respectively (in 
waveguides this becomes nTE and nTM). 
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Mainly, the materials used in integrated optics are based on isotropic 
materials like GaAs, InP or Si. These isotropic materials can be converted into 
anisotropic by applying electric or magnetic fields, mechanical stress or changing 
the waveguide cross-section geometry. Therefore for realisation of passive PMCs 
in integrated form, form birefringence [41], which is also known as a shape or 
geometrical birefringence, is introduced. This is achieved by different techniques 
including slanted side walls and sub-wavelength air trenches. The detail 
description of these techniques is given in the subsequent sections. 
2.4.6. Retardation 
The phase velocity in the material is given as /c n , where c  is the 
velocity of light and n  is the refractive index. The perpendicular (ordinary) and 
parallel (extraordinary) beams to the optical axis travel at different phase 
velocities in the waveguides, where relative to each other, one is slow and the 
other is fast, depending upon the refractive indices of the respective paths. The 
axis which has lower refractive index is referred to as the fast axis, whereas the 
other is referred to as the slow axis (in uniaxial material). When these two light 
components emanate from the waveguide, their relative phases have been shifted. 
This phenomenon is called retardation and is the basis for the construction of 
wave plates. A schematic diagram of a retarder plate is shown in Figure 2.14. 
 
Figure 2.14: A retarder plate. 
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In Figure 2.14, the optical axis (y-axis) is parallel to the plate face. When 
linearly polarised light is incident on the plate face, the field parallel to the optical 
axis (E//) travels as an extraordinary wave, whereas the field perpendicular (E┴) to 
the optical axis travels as an ordinary wave. Here, the extraordinary wave travels 
slower than the ordinary wave since ne >n0. Therefore, the optical axis is slower 
for waves polarised parallel, and faster for waves polarised perpendicular to it. 
When the beam comes out at the output side, these two wave components have 
been phase shifted by φ . This phase shifting depends upon the initial angle (α) of 
E and the thickness of the crystal. Therefore, the initial linear polarisation light 
can be rotated or changed into circularly or elliptically polarised light at the 
output. This is summarized in Figure 2.15. 
 
Figure 2.15: Input and output polarisations of light through (a) a half wave-plate 
and (b) a quarter wave-plate. 
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If the thickness of the plate (as shown in Figure 2.14) is d , then the 
perpendicular (ordinary) beam to the optical axis experiences a phase change 
0 0k dφ =  through the material where 0k  is the wave-vector of the ordinary wave 
and is given as 0 (2 / )o ok kn npi λ= = . Here, λ  is the wavelength of the free 
space. Similarly, the parallel (extraordinary) beam to the optical axis experiences 
a phase change of (2 / )e en dφ pi λ=  through the material. Therefore, the phase 
difference between these two components of the incident beam is given as 
2 ( )e on n dpiφ λ= −  
2.36 
Equation 2.36 specifies that the resultant polarisation depends upon the 
type of the material and its thickness d . It should be noted that for actual 
magnitudes, the phase difference φ  between the ordinary and extraordinary 
components of the field determines the polarisation state of the light. 
If the phase difference φ  between the two orthogonal components of the 
field is pi
 
(180º), which corresponds to one half of the wavelength ( / 2λ ) of 
retardation, then the retarder is referred to as a half wave-plate. If the phase 
difference φ
 
is / 2pi  (90º), this corresponds to the quarter of the wavelength (
/ 4λ ) of retardation and is referred to as a quarter wave-plate [42, 43]. 
2.4.7. Electro-optic effects 
When an external electric field is applied to a material, the refractive index 
of the material is changed, which alters the optical properties of the material. 
When an electric field is applied, it alters the movement of electrons in the 
material, and, therefore, a change in optical properties is observed. Hence 
isotropic materials can become birefringent. Once the electric field is applied, the 
refractive index of the material can be calculated as 
2
1 2 ...........n n a E a E′ = + + +  
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2.37 
Here, 1a  and 2a  are the linear and second order electro-optic coefficients 
respectively. Higher order values of electric field ( E ) are very small and can be 
neglected. The variation of refractive index due to the first term E  is called the 
Pockels effect and due to the second term 2E  is called the Kerr effect in equation 
2.37. 
Electro-optic effects can be used for controlling the phase, frequency, 
amplitude or polarisation of the modulated beam in electro-optic modulators. The 
polarisation modulation is achieved by controlling the signal on the element using 
the electro-optic effect, which can modulate the input beam of light emanating 
from the laser diode. This can be achieved up to gigahertz (GHz) rates [44]. 
2.4.8. Carrier induced effects 
The refractive index of a quantum well material can be changed by a 
variation in carrier concentration. This occurs, when interactions between the 
carriers change the absorption band edge of the material [45]. The main factors 
which change the refractive index of the material involving carrier injection are 
band filling, band edge shrinkage and free carrier absorption.  
In band filling, which is also known as Burstein-Moss effect, the 
absorption for photon energies is reduced slightly above the nominal band-gap of 
the semiconductor material. This effect can be observed by doping the 
semiconductors [46], due to which, the lower states of the conduction band in n-
type of the material and higher states in the valance band in p-type of the material 
are filled. Therefore, a greater energy than the nominal band-gap energy is 
required when optically exciting electrons from the valance band to the 
conduction band. Resultantly, the absorption co-efficient is decreased above the 
nominal band-gap. This band filling effect occurs due to the free carriers; 
therefore, injection should be equivalent to doping, except that injection will result 
in band filling effects from both the electrons and holes [45]. The refractive index 
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change due to carrier injection is largest for the photon energies near the band-gap 
of the material as compared to energies far above or below the nominal band-gap. 
Bang-gap shrinkage (re-normalization) occurs when the injected carriers 
occupy the states at the bottom of the conduction band and at the top of the 
valance band. When this concentration is quite high, the electron and the hole 
wave functions overlap each other in the conduction band and the valence band, 
respectively. Resultantly, a gas by interacting particles is formed. These electrons 
in the conduction band and holes in the valence band repel each other due to the 
Columbic force. Hence, reducing the band-gap energy, and further change in the 
absorption co-efficient and refractive index [46]. The band-gap shrinkage is 
determined by the free carrier density, so it is nearly independent of the impurity 
concentrations. 
Change in the absorption co-efficient and refractive index in both band 
filing and band-gap shrinkage effects is mainly observed in inter-band effects. 
However, a free carrier can also absorb a photon and move to a higher energy 
state, intra-band. This phenomenon is known as free carrier absorption (plasma 
effect) [46]. In this effect, the change in refractive index is always negative, hence 
it will add to band filling for energies below the material band-gap. 
The above stated three mechanisms for carrier induced effects; band 
filling, band-gap shrinkage and free carrier absorption are independent to each 
other. However, the total change in the refractive index is the sum of all three 
effects. 
2.5. Review of the major contributions to polarisation 
mode convertors 
In modern communication systems, polarisation handling is of immense 
importance as there are a number of devices which are totally polarisation 
sensitive. The polarisation conversion is a key element in polarisation 
multiplexing, polarisation based filtering and polarisation diversity [47]. PMCs 
provide the basis to manipulate and control the polarisation states of light in 
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integrated optical devices and circuits. Both active and passive components have 
an ability to integrate PMCs to overcome this. In semiconductor optoelectronic 
systems, an exchange of power between polarisation states, due to bends, tappers, 
and junctions, can occur. Therefore, careful appropriate designs are needed to 
eliminate or to minimize any detrimental polarisation effects. 
Photonic integrated circuits must be polarisation insensitive especially at 
the point when the signals are entering from the optical fibres, because these 
circuits are used as detectors, multiplexers or digital cross connects. In the last few 
years, many PMCs have been realised and demonstrated; on GaAs/AlGaAs, 
InP/InGaAsP, silicon on insulator (SOI) and InGaAsP based quantum well 
structures. Based upon the design parameters, PMCs can be active or passive in 
nature. PMCs are referred to as active if controlled by an external influence 
(current or voltage) or otherwise, referred to as passive PMCs. Passive PMCs can 
be realised using different approaches and can be categorised according to their 
functionality, which is illustrated in Figure 2.16.  
 
Figure 2.16: Different approaches to the realization of PMCs. 
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Shani et al. [48] realised the first PMC in 1991 by employing an 
asymmetric periodically loaded rib waveguide. These asymmetric loaded rib 
waveguides create perturbation in the optical axis of the waveguide and causes 
polarisation to rotate. In his experiments, TE-TM conversion was obtained in a 3.7 
mm long waveguide with 2-3 dB excess loss and with 80% rotation. A schematic 
picture of periodic asymmetric rib waveguide is shown in Figure 2.17. Huang [49] 
in 1992 demonstrated theoretically that full polarisation rotation can be attained 
due to the phase matching of the TE and TM modes through the asymmetric 
periodic loading of the waveguides. Further F. J. Mustieles and Gustavsson also 
presented their work on asymmetrically loaded waveguides [50, 51]. Based on the 
asymmetrically loaded rib waveguide design, Obayya et al. proposed a new 
improved design for a short and low loss PMC [52]. He obtained 98% of 
polarisation mode conversion with a 0.74 µm long device with 0.13 dB insertion 
loss at a wavelength of 1.5 µm. He used the full vector beam propagation method 
based on the finite element method. 
 
Figure 2.17: A schematic diagram of the periodic asymmetric rib waveguide. 
H. Heidrich [53] realised the passive PMC based on the periodically tilted 
and shifted waveguides on InP/InGaAsP stepped substrate structure. In order to 
achieve a rotation of the optical waveguide axis relative to the surface of the 
substrate, modification is made in the surface of the substrate underneath the core 
area. A schematic of this technique is shown in Figure 2.18. Using this technique, 
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a 45º rotator is realised with 3 dB loss. However, due to the critical formation of 
stepped substrate, it is very difficult to integrate with other optical components on 
the same chip. 
 
Figure 2.18: (a) A schematic diagram of top view of the passive 45º PMC based 
on tilted rib waveguides (b) cross section of the feeding waveguide (A-B) and (c) 
cross section of the convertor section (C-D). 
 
Figure 2.19: A schematic diagram of a deep etched bended waveguide structure 
used for the polarisation conversion. 
PMCs have also been fabricated using integrated and ultrashort bends [54]. 
A schematic diagram of deep etched bended ridge waveguide structure used for 
the polarisation conversion is shown in Figure 2.19. The device fabricated with 
this structure has attained 85 % and 45 % polarisation conversions with excess 
loss of 2.7 dB and 0.4 dB with device dimensions of 975 x 83 µm and 760 x 86 
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µm, respectively. Van der Tol [55] proposed PMC with a series of asymmetric 
loaded waveguides and with angled facets. This design was a modification of the 
previously stated asymmetrical ridge waveguide structures. This design consisted 
of long device lengths as multiple sections are required to achieve the significant 
polarisation conversion. This also showed excess losses on the interfaces of 
multiple coupling sections in the device. In addition to design parameters, 
fabrication is also a key challenge in these devices, as monolithic integration is 
quite demanding.  
 
Figure 2.20: (a) A schematic diagram of a single section passive PMC with angled 
facet waveguide structure and (b) the cross-sectional profile of the device. 
Huang et al. [56] designed and fabricated a single section PMC with one 
slanted and one straight wall as alternative to the periodically asymmetric loaded 
rib waveguides. During fabrication, he achieved a straight wall using the dry etch 
technique and slanted wall with the wet chemical etching procedure. This type of 
device requires an accurate re-masking alignment between the two etch process 
steps. There are also optical losses due to mode size mis-matching at the convertor 
section interface with the symmetric waveguide section. This device was realised 
on GaAs/AlGaAs with the device length of 720 µm and with 96 % rotation. El-
Refaei et al. [57, 58] demonstrated these type of devices theoretically and 
experimentally. He obtained polarisation conversion of 99.68 % with the device 
length of 226 µm at a wavelength of 1550 nm. 
Reactive ion etching (RIE) lag phenomenon [59] was also used to realise 
different etch depths in the same asymmetric waveguides. In this phenomenon, 
aspect ratio dependent etching is performed, where, as the aspect ratio of the 
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feature increases, the depth of an etched feature becomes proportional to the 
width. Here, small features are etched slowly in comparison to large features [60]. 
Holmes et al. [61-65] realised such a device with efficiencies of greater than 96 
%. This device had low loss, with 150 µm conversion length. The fabrication of 
the structure of this type of device was vastly simplified, as only one step was 
required for the dry etch process. Due to this, fabrication errors can be minimized. 
A schematic diagram of the cross-section profile of this device structure is shown 
in Figure 2.21. Kim S.H. et al. [66] later demonstrated a single trench PMC using 
this technique. He attained 95 % polarisation conversion with a 210 µm long 
device. PMCs based on sub-wavelength air trench gratings are realised by Kotlyar 
et al. [67]. This design was based on the principle that an incident linear polarised 
mode is forced to convert into two orthogonal components; one of which becomes 
polarised in the direction of the etched air trench, whereas the other becomes 
orthogonal to it. The polarised component in the direction of air trench imparts 
lower refractive index, resultantly moves with higher phase velocity than the other 
component. These devices are quite short as high form birefringence is introduced 
by air trenches. 
 
Figure 2.21: A schematic diagram of cross-section profile of RIE Lag structure. 
Chapter 2                                            Theoretical background and literature review 
53 
A passive PMC has been designed and fabricated with both side walls 
tilted [62, 68-70] in the same direction with RIE as well as with chemically 
assisted ion beam etching (CAIBE) [71] techniques. A schematic diagram of 
cross-sectional profile of tilted waveguide facet in both directions of this device is 
shown in Figure 2.22. Here, a polarisation conversion of greater than 80 % is 
attained for a convertor length of 20 µm at the operation wavelength of 867 nm. 
 
Figure 2.22: A schematic diagram of cross-sectional profile of tilted waveguide 
facet in both directions. 
In this work, the RIE lag technique is used for the realisation of the PMCs, 
which was used by Holmes et al. (as discussed earlier). Here, input and output 
sections of waveguides, along with PMC sections are fabricated at the same time 
using a single mask process. Due to this, re-alignment and re-masking issues of 
the device at each subsequent etch step are eliminated, which were the key 
problems of previously designed and realised PMCs. Therefore, the risks of 
potential fabrication errors are reduced. Furthermore, smooth transitions from the 
symmetric to anti-symmetric waveguides are addressed in this technique, thereby 
resolved the mode mis-matching issue between the modes. Low insertion losses 
and single etch capability of this structure is also advantageous. Moreover, the 
complexity and time consuming factors to produce such devices are significantly 
reduced. Also we use a re-mask single trench process to realise integrated devices. 
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2.6. Conclusions 
In the first section of this chapter, a review of semiconductor materials 
including bulk, quantum well and strained quantum well materials, are described. 
The effect of direct and indirect band-gap materials for realisation of devices and 
the effect of heavy and light hole to obtain polarisation insensitive devices are 
explained. In the next section, SOAs, which most aptly demonstrate the 
requirement for polarisation control in integrated optical circuits and PICs, are 
introduced. Thereon, polarisation mode convertor theory, including Maxwell’s 
equations and plane waves, is presented. Polarisation induced by change in 
refractive index by birefringence and due to induced carriers is explained. In the 
last section, a review of major contributions in realising PMCs is given. An 
overview on the device parameters of realised devices using a slanted angle rib 
waveguide approach is given in Table 2.1. 
Table 2.1: An overview of proposed and realised passive PMCs using a slanted 
angle rib waveguide. 
Author 
name 
Year Material Polarisation 
conversion 
Convertor 
length 
Losses 
Tzolov et 
al. [72] 
1996 InP/InGaAsP 92-93% 250 µm Coupling 
loss=2.5 dB 
Huang et al. 
[49] 
2000 GaAs/AlGaAs 96 % 720 µm Propagation 
loss=1.25 dB 
Rahman et 
al. [73] 
2001 GaAs/AlGaAs >99% 320 µm Insertion loss 
=0.4 dB 
El-Rafai et 
al. [57] 
2003 InP/InGaAsP > 99.98 % 226 µm N/A 
Groen et al. 
[74] 
2003 InP/InGaAsP >80 %  150 µm Insertion loss 
=2dB 
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El-Rafai et 
al. [58] 
2004 InP/InGaAsP N/A 330 µm excess loss= 
0.02 dB 
Zhu et al. 
[75] 
2004 InP/InGaAsP 95-99 % 120 µm Excess loss 
<2dB 
Khalique et 
al. [76, 77] 
2004/
2005 
InP/InGaAsP >95 % 125 µm Excess loss 
<1dB 
Augustin et 
al. [47] 
2007 InP/InGaAsP 97 % 131 µm Excess loss = 
2.5 dB 
In this research work, the RIE lag technique is used for the realisation of 
the PMCs. This technique was advantageous from other techniques as a single 
mask process is required, so re-alignment and re-masking issues of the device at 
each subsequent etch step are eliminated, which were the key problems of 
previously designed and realised PMCs. Furthermore, smooth transitions from the 
symmetric to anti-symmetric waveguides are addressed, thereby resolved the 
mode mis-matching issue between the modes. Low insertion losses and single 
etch capability of this structure is also advantageous. 
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3.1. Introduction 
Advanced technologies are required to realise modern integrated 
optoelectronic components and circuits. Active and passive semiconductor based 
optoelectronic devices are realised using different fabrication techniques, etching, 
deposition and lithographic processes. Passive devices covered in this work 
generally require one lithographic process and one etch, whilst fabrication of 
integrated devices for active functionality require multiple lithographic and 
etch/deposition processes for high precision and accuracy of the realised devices. 
A technique with RIE lag was used in this research work to attain the polarisation 
mode conversion. Whilst in integrated devices, multiple etch processes were used 
to achieve shallow etched laser section and deep etched PMC section. Mostly 
contact-optical lithography and electron-beam (e-beam) lithography methods are 
used for device realisation. The e-beam lithography technique was used due to the 
nano-scale patterns required in the design which need high resolution and rapid 
prototyping capabilities. This chapter describes optical and e-beam lithography 
methods and fabrication steps starting from cleaning of the wafer, through dry 
etching and metallisation lift off techniques. 
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3.2. Lithography 
Optical lithography is a process to transfer a pre-paid mask pattern on to a 
semiconductor wafer, which subsequently is used as a mask to transfer the pattern 
within the material via etch processing or lift off process. Crucial steps in the 
fabrication process flow are the transfer of the etch pattern, metallisation lift-off 
and accurate alignment of the mask with the previous pattern. Contact optical 
lithography is the most common and quickest method to transfer the pattern onto 
the substrate and has the capability to produce patterns required for micrometer 
scale lasers. This process is mainly used for commercial production of devices in 
industry (large scale). It is also used in the research environment where the same 
mask is required for the fabrication of the devices time after time. Other 
lithographic techniques, like e-beam lithography, are more suitable for a research 
oriented environment, where various sizes of design patterns are required to 
fabricate a complete device. Due to the maskless pattern transfer process, e-beam 
lithography is considered as a flexible technique. It also provides very high 
resolution pattern transfer, with feature sizes of the order of 10 nm readily 
achievable. 
The devices fabricated in this work had small features, which were sub-
micrometer, some reaching nanometres, therefore the e-beam lithography (EBL) 
technique was used to pattern the design onto the substrate. A Vistec Vector Beam 
6 (VB6) e-beam tool, which is a state of the art EBL machine, located in the 
James Watt Nano Fabrication Center (JWNC), University of Glasgow, was used 
for patterning the features on the structures investigated. 
The patterns to be written using EBL, were designed in a computer aided 
design (CAD) package L-Edit©. It has its own internal format, and when 
transferred to the next stage of the design process, patterns are saved in the GDSII 
format. It can then become compatible to be processed with the e-beam writer. 
Here, a computer aided transcription system (CATS) file is generated (which the 
VB6 tool understands). This software fractures the regions to be exposed in small 
areas called trapezia, which corresponds to each position of exposure of the 
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distance between the two lattice points, referred as resolution [1]. The e-beam 
scans this grid horizontally, row by row, and exposes only dots which are 
separated by a fixed distance. This fixed distance is called beam step size (BSS), 
and is the integer multiple of the resolution. This integer (multiplier) is known as 
variable resolution unit (VRU). The e-beam has a finite width and is called spot 
size, which depends upon the diameter of the aperture and on the beam current. 
Therefore, the pattern becomes a discrete set of exposed pixels. The BSS should 
be a fraction of the minimum feature size (MFS) to be written, therefore, it is 
suggested to be equal to MFS/5 [1, 2]. A schematic illustration of the e-beam 
writing procedure and parameters are shown in Figure 3.1. 
 
Figure 3.1: A schematic illustration of e-beam writing procedure. 
Finally, the Belle software was used to submit the pattern to the VB6 tool. 
The beam current, spot size, VRU and the necessary exposure dose settings (the 
required charge per unit area (µC/cm2) to expose the resist) was defined here. 
Thereon, the fabrication process started with the preparation of the surface 
of the substrate for deposition of a layer of photosensitive or electro-sensitive 
material (photoresist). These resists are further explained in detail in the 
subsequent section. 
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3.3. Electron-beam lithography resists 
EBL resists are radiation sensitive compounds. These are classified into 
two types, positive and negative, depending upon their response to the electron 
exposure. Poly-Methyl Methacrylate (PMMA) is used as a positive e-beam resist 
whereas Hydrogen Silsesquioxane (HSQ) is used as a negative e-beam resist. 
Chemical composition of the exposed part of the positive resist is changed and it 
becomes soluble in developer solution, whereas the exposed part of the negative 
resist becomes insoluble in the developer solution. Figure 3.2 shows the exposure 
mechanism of both the resists. 
 
Figure 3.2: Schematic diagrams of exposure (a) before development (b) after 
development (positive resist) and (c) negative resist. 
Parameters including sensitivity and contrast define the EBL resist 
structure. Sensitivity is the energy required to retain the complete thickness of the 
exposed region after development, whereas, contrast is a selectivity between 
exposed and un-exposed regions. EBL resists ideally should have high sensitivity, 
which allow the possibility of a faster exposure process and high contrast, to 
achieve vertical profiles after the development. 
In this work, PMMA, which is a very high resolution positive tone resist, 
was used in all the lithographic steps, except for the waveguide definition, for 
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which HSQ was used. Layer uniformity over the wafer was achieved by spinning 
a dual layer of PMMA (as pin holes are eliminated which are formed during the 
first spin). This first spin was with 15 % of 2010 molecular weight PMMA which 
gives a 1.2 µm thick layer, and second spin was with 4 % of 2041 molecular 
weight PMMA which gives a 110 nm thick layer. Higher molecular weight (less 
active) PMMA was used as the top layer. This prevents the sidewalls of the resist 
to be coated during metal evaporation due to overlap and so the lift off process 
becomes easier. A schematic diagram of this process is shown in Figure 3.3. 
 
Figure 3.3: A schematic diagram of lift off process. 
Generally, PMMA has a poor etching resistance in required chlorine based 
dry etch processes. The usual etch selectivity between the resist and the SiO2 or 
Si3N4 mask in fluorine based plasma is around 1:2 (i.e. resist is etched twice than 
the mask material) [3]. Therefore, a thick layer of resist is required to etch the 
dielectric material (SiO2) (i.e. 1 µm thick resist layer for 300 nm dielectric layer). 
There is also the requirement of an additional layer of SiO2 if the waveguide is 
defined using PMMA. The inclusion of additional layer increases the number of 
fabrication steps, resultantly, there is more chance of imperfections during 
fabrication. 
Throughout this work, the negative tone e-beam resist, HSQ was used to 
define the waveguide structures onto the substrate. The benefit of using this resist 
is that, it forms a SiO2 pattern after development, which is further used as a hard 
mask for subsequent etching. Therefore, it avoids the deposition of an additional 
etch mask and additional fabrication steps (etch and resist removal) [4]. A 
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schematic diagram of the process steps for PMMA and HSQ is shown in Figure 
3.4. 
 
Figure 3.4: A schematic diagram for definition of wave-guiding structure 
using PMMA (on left) and HSQ (on right) process steps. 
Furthermore, HSQ protects the waveguide structures during the definition 
of the waveguides, and smoother sidewalls are achieved. These smooth side walls 
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help in reducing the waveguide losses. This loss reduction technique has been 
demonstrated in the Silicon on insulator (SOI) waveguides [5]. 
3.3.1. Proximity correction 
Electrons from the e-beam, incident upon the surface, propagating in the 
material, collide in-elastically with neighbouring electrons and the atoms of the 
lattice, and therefore transfer their energy into the material. This causes the 
primary electrons to change their direction and energy level. As a result, a well 
focused, few nanometre, e-beam spot will spread. These electrons scatter in the 
resist layer and also within the substrate underneath the resist layer. This exposes 
the part of the resist layer around each of the exposed features. Figure 3.5 shows 
simulated trajectories of one hundred (100 KeV energy) electrons in InP material 
with a 1 µm thick HSQ resist layer on the top [3]. The electrons scattering within 
the resist layer and substrate are clearly visible. Furthermore, the electrons 
scattering back to the HSQ resist layer and leaving the surface can be seen. 
Electrons passing through the resist-substrate interface, which do not return to the 
resist layer, are called forward scattered electrons. Electrons which return towards 
the resist and affect the exposure process are called back scattered electrons. 
These back scattered electrons affect the region where they pass and as an 
outcome, the electron beam irradiation affects the surrounding area, and the 
exposure region is widened. Additionally, the corners of a desired pattern get 
rounded and the gap spaces between the features are modified. Therefore, to 
achieve the optimal resolution throughout the pattern, especially for narrow 
spaced features, these electrons scattering effects must be minimised to get the 
required dimensions of the features. By applying the proximity corrections in 
EBL, during fracturing of the pattern adjusts the dose of each pattern, resultantly 
minimising the proximity effects. These effects can also be minimised with 
optimised mask design, and e-beam exposure parameters such as acceleration 
voltage, spot size, beam step size and exposure dose. Further, these can be 
minimised using thin resist coatings for small features. 
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Figure 3.5: Simulated trajectories of one hundred (100KeV energy) electrons 
through 1µm HSQ and 40 µm InP [3]. 
3.4. Dry etching 
PMCs are designed using various techniques, which mainly depend upon 
the realisation of asymmetric profile waveguides, in order to increase the 
birefringence of the waveguide. Asymmetric waveguide profiles can be formed by 
various methods, one of which is the combination of crystallographic wet etch and 
dry etch processing. This results in a ridge waveguide consisting of one sloped 
and one straight sidewall. The alignment in these two steps is a major drawback. 
The magnitude of the angle of the sloped sidewall in wet etch process is 
determined by the crystallographic structure of the material [6, 7]. It is, therefore, 
desirable to fabricate a single section asymmetric waveguide cross-section profile 
using a single etch process. In this work, a reactive ion etch (RIE) [8-12] process 
was used for etching the material and the RIE lag technique (i.e. the aspect ratio 
dependent etching, as described earlier) was employed to achieve the desired 
trench depth for a single section PMC with a single dry etch method. 
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3.4.1. Principle 
Dry etching techniques, such as RIE, remove undesired material from the 
sample surface using physical and chemical interactions of highly ionized, low 
pressure gas, resulting a plasma containing positive ions and free electrons. This 
technique provides anisotropic profiles and good selectivity between the mask 
layer and the material to be etched, enabling smaller, well defined features on the 
sample [12, 13]. 
The machine used for the RIE of the GaAs/AlGaAs semiconductors was a 
System 100, manufactured by Oxford instruments [14]. This machine consists of 
an integrated loadlock chamber, with the main chamber evacuated by a Leybold 
turbomolecular pump to a base pressure of <10 µTorr. The radio frequency (RF) 
signal generator is coupled to the bottom electrode of a parallel plate reactor. The 
height and the diameter of the chamber are 135 mm and 370 mm, respectively. 
The sample is placed in the etch chamber (loaded through a gate) on the lower 
electrode. A typical diagram of this is shown in Figure 3.6. 
 
Figure 3.6: A schematic diagram of a parallel plate type RIE machine. 
The RF generator drives a current through a low pressured gas between the 
two electrodes. The plasma is formed due to the discharge which is an ionized gas 
of freely moving charged particles (positive ions and electrons). These reactive 
ions are accelerated across the plasma in the vicinity of the substrate in the 
direction of the electric field. The reactive species contained in the plasma are 
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diffused perpendicularly onto the surface of the sample [9], which further 
absorbed and react chemically with the material to be etched. Here, the electrical 
charge distribution always remains perpendicular to the surface of the sample, due 
to which smooth etching was achieved. Thereon, the by-products produced during 
the chemical reactions are pumped away from the sample surface. The etching 
rate depends upon the plasma density and can be controlled by controlling the ion 
bombardment. The parameters used for the RIE process are given in Table 3.1. 
Table 3.1: The RIE process parameters for System 100 machine at room 
temperature. 
Parameter Value 
Process gas SiCl4 
Forward RF power 250 Watt 
Process pressure 5 m Torr 
Gas flow 13 sccm 
Different etch depths were obtained when samples were etched for 
different times, also different layers were etched at different rates, therefore, to get 
the desired etch depth, a laser reflectromety technique was used for calibrating 
etching. This technique uses an input optical beam which is directed perpendicular 
to the sample area to be etched and collects the reflected beam. This reflected 
beam, which is received in the form of a wave, is recorded and plotted as a 
function of time. When the epitaxial layers are etched and the input beam enters 
into the substrate, the reflectivity of the sample is changed. This change in 
reflectivity depends upon the thickness and refractive index structure of the layers. 
The obtained waveform can be used to extinct the etch rate for the specific layer 
of the material, which can then be used to etch the original devices to the required 
depth. The simulation result to get the desired etch depth on the under test 
GaAs/AlGaAs material (layer structure with refractive indices and doping 
concentrations, given in Table 3.2) is shown in Figure 3.7. Here, the reflectance as 
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a function of the etch depth (cap layer to substrate) can be seen. Matlab© software 
was used for these 
Table 
Layer Material
8 GaAs 
7 Al0.30Ga0.70
6 Al0.15Ga0.85
5 GaAs 
4 Al0.20Ga0.80
3 GaAs 
2 Al0.15Ga0.85
1 Al0.30Ga0.70
Figure 3.
Throughout this work, it was required to etch the material through the 
core, at a desired etch depth of ~1.8 µm. Therefore, during the etching process on 
the System 100 machine, ion bombardment was stopped when the beam monitor 
crossed two cycles in lower cladding of the material. This can be observed clearly 
from the real time graph obtained using the laser reflectometry method which is 
shown in Figure 3
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simulation results. 
3.2: Layer structure of the GaAs/AlGaAs material.
 Thickness nm) Refractive 
index 
100 3.631 
As 1000 3.381 
As 210 3.498 
5 3.631 
As 10 3.455 
5 3.631 
As 210 3.498 
As 1200 3.381 
n-GaAs Substrate 
7: Simulation results by Matlab software for etch depth.
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Figure 3.8: Real time etch depth obtained by laser reflectometery method.
Dry etching was also required for defining the patterns into the SiO
dielectric barrier layer films. If contact windows in the SiO
opened, current cannot flow
device is not properly etched at the developed area, and some SiO
residual SiO2 prevents current flow to the device, which leads to a non
device. This is illustrated in SEM pi
overcome this problem, the etch rate was properly optimised for SiO
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Figure 3.9: An un-etched area due to residual SiO
2 films are not properly 
 across the device. This problem is observed, when the 
cture, shown in Figure 
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sample was then properly developed, and etched for a longer time, to ensure full 
removal of SiO2. 
For this SiO2 removal, the machine used was an 80 Plus RIE, also 
manufactured by Oxford instruments, with CHF3 and Ar gases. The etch rate for 
this machine was measured at 30 nm/min, therefore, an etching time of 20 minutes 
was used for etching 600 nm thick SiO2 film. This included an over etch (about 15 
%) to overcome possible variations in oxide thickness. The standard parameters 
used for this machine are given in Table 3.3. 
Table 3.3: The RIE process parameters for an 80 Plus RIE machine at room 
temperature. 
Parameter Value 
Process gas CHF3 / Ar 
Forward RF power 200 Watt 
Process pressure 30 m Torr 
Gas flow 25 sccm / 18 sccm 
3.5. Overview of the fabrication process 
The fabrication process of semiconductor lasers involves a number of 
critical processes. It needs considerate handling of the fragile substrate and 
requires ultra clean environments. The main processing steps are summarised in 
the block diagram of Figure 3.15. These processing steps are the standard 
procedure for fabricating semiconductor devices [13, 15, 16]. However, layer 
thickness, etching recipes and e-beam doses can be different for different devices. 
All the fabrication work mentioned in this research, was carried out in the James 
Watt Nano Fabrication Centre (JWNC) except for a few steps like sample 
cleaving, thinning and mounting. The JWNC has a 750 m2 cleanroom which is 
designed for interdisciplinary nanofabrication activities to be conducted with 
minimum cross contamination of processes. This cleanroom also contains a class 
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10 room, hosting the VB6 lithography tool, ten rooms of class 1000, and four 
rooms of class 10000. 
3.5.1. Sample preparation and cleaning 
The fabrication process starts with the cleaving of the wafer to the desired 
dimensions. As the cleaving was carried out in a semi-clean environment, it was 
pre-requisite to then clean the substrate before it undergoes fabrication. The 
solvent cleaning method was used for cleaning the substrate, where the substrate 
was placed in small beakers and then put in an ultra-sonic bath. This ultra-sonic 
assisted solvent cleaning involves soaking the sample in acetone for 5 minutes, 
then 5 minutes in Isopropanol (IPA) and 5 minutes in reverse osmosis (RO) water, 
before the remaining layer of water was blown dry from the sample using the 
gaseous dry nitrogen (N2) gun. Sample boxes were also cleaned to avoid any 
possible contamination. In addition to that, in each step of fabrication and 
inspection, cleanliness was maintained. Prior to resist spinning, the cleaned 
sample was placed on a hot plate at 90 ºC for 5 minutes to dehydrate the substrate. 
This helps in increasing the resist adhesion to the surface of the substrate. This 
dehydration step is very important for small features on devices. 
3.5.2. Registration markers 
There are multiple lithographic processes involved in the fabrication of 
semiconductor lasers. These multiple lithographic processes require defining sets 
of markers for the accurate alignment of previous and successive patterns to one 
another on the substrate. 
The e-beam lithographic method was employed in this work so the 
registration and alignment techniques defined for the VB6 machine, were 
followed. Complete information about the alignment functionality of this e-beam 
tool (which is the Vistec Vector Beam 6 (VB6)), is available in the operator’s 
manual [17]. An alignment cross was defined on the sample’s surface, which the 
e-beam recognises through a sequential search assisted by its internal algorithm. 
After cross recognition, the system searches and identifies the global markers 
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which had already been specified in the e-beam job submission process. The e-
beam then performs the alignment with <0.1 µm precision. The optical 
microscope pictures of the big cross marker (before and after e-beam job 
submission and written) and global markers obtained after the lift-off process are 
shown in Figure 3.10 and Figure 3.11, respectively. 
 
Figure 3.10: Cross markers (a) before e-beam job submission (b) after e-beam job 
written. 
 
Figure 3.11: Global markers of 20 µm x 20 µm dimensions after alignment. 
3.5.3. Waveguide definition 
A critical step in the fabrication of a semiconductor laser, is the definition 
of the waveguide structure. The negative tone resist HSQ (as described earlier) 
was used for the waveguide patterning in a single step mask fabrication. The 
process uses 100 % HSQ for spinning, followed by a 15 minute bake on a hot 
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plate at 90 ºC to remove solvent. The substrate, with resist layer, was then 
exposed to the e-
Ammonium Hydroxide (TMAH) solution. The waveguides are etched to result in 
a height of ~1.8 µm (as described in the previous section using the laser 
reflectometer). After etching, the sample was cleaned ready for the next 
fabrication step. 
3.5.4. Cap layer r
The cap layer is highly doped, therefore, to avoid any current leakage from 
one section of the device to the other; it is beneficial to keep isolation between the 
metal contacts of adjacent sections. In order to do this, the cap layer of 100 nm 
GaAs was removed from some areas using the System 100 machine with a SiCl
chemistry. Laser reflectometery was also used for this purpose. A real time trace 
obtained during the cap layer removal is shown in 
Figure 3.12: A real time trace obtained during the cap layer removal by laser 
3.5.5. Planarization
The metal evaporation onto the sa
therefore, a thin film of metal is very precisely deposited on the wafer, on the top 
surface. However, the vertical walls of the waveguides are not completely covered 
by metal when using this process. Due to this non
the walls, the side and top of the waveguides do not have the smooth continuous 
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beam and finally the pattern developed in 25 % Tetra
emoval 
Figure 3.12. 
reflectometer. 
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metal deposition at all places. During application of higher current injections, the 
thinner contacts become unstable and devices show uncertain behaviour. This can 
also be seen when probes are placed on the metal contacts during measurement, 
and can stop current flowing in the device. SEM pictures with broken metal 
contacts are shown in Figure 3.13. 
 
Figure 3.13: SEM pictures showing the broken metal contacts. 
Therefore, a planarization technique was used for the smooth and certain 
operation of the device, in which, HSQ was spun on top of 200 nm plasma 
enhanced chemical vapour deposited (PECVD) SiO2, and was then baked in an 
oven at 180 ºC for 90 minutes. The hot baked HSQ acts as an insulator on the 
sample. This HSQ has less thickness in the open areas of the sample and gradually 
increases as it approaches to the waveguides. However, a very thin layer of HSQ 
remains on the top of the waveguides due to the low surface area. Finally, a layer 
of 100 nm of PECVD SiO2 was used in order to achieve better adhesion for the 
metal contacts. SEM picture of the planarization process is shown in Figure 3.14. 
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3.5.6. Current injection window
After the planarization, the most important step is to open the current 
injection windows on top of the waveguides. If these are not properly opened, 
there will be no current flow across the device, and the device will behave 
passively. The samples were prepared for e
layer, 15 % of 2010 molecular weight PMMA and 4 % of 2041 molecular weight 
PMMA, and baking at 180 ºC
exposure and development, the 
for the removal of any leftover resist. PMMA is known to leave a thin (~nm’s) 
residual layer. The current injection windows were then opened by RIE, using a 
CHF3/Ar chemistry, for 20 minutes including a 15 % ov
PMMA was then removed using an O
3.5.7. Contact metallisation
The final patterning job submitted to the e
the p-contact layer. A bi
of 2041 molecular weight PMMA was used, and then baked at 180 ºC for 30 
minutes and 90 minutes, respec
sample surface was de
process was carried out immediately before metal deposition to remove the 
                                            Device fabrication
Figure 3.14: SEM picture of planarization.
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oxidised surface that forms on the semiconductor surface overtime. P-contact 
metallisation was performed in the e-beam assisted, metal evaporator (Plassys 
machine) with 30 nm Titanium (Ti), 33 nm Platinum (Pt) and 240 nm Gold (Au). 
Ti is a reactive metal and oxidises readily, therefore, it is used as an adhesion 
layer with SiO2 layer, which is used as isolation. Pt is used as a diffusion barrier 
and prevents Au penetrating into the semiconductor material. Au is used as a 
conducting layer. Excess metal was then removed using a lift-off process by 
placing the substrate in a beaker of acetone placed in a hot water bath at 50 ºC, for 
60 minutes, followed by cleaning of the sample. 
3.5.8. Mechanical thinning 
The GaAs/AlGaAs material used in this work has a thickness of 354 µm. 
In semiconductor laser devices, it is necessary to thin these devices to a thickness 
of about 225 µm. This is desirable in order to reduce the series resistance between 
the p-side and n-side contacts. The process of mechanical thinning was employed 
for this purpose. First, the sample was mounted on the glass slide (with p-side 
down) using photo resist S1818 and baking it in an oven at 90 ºC for 60 minutes 
for better adhesion to the glass. Then the sample mounted glass slide was glued on 
to a metal rod (using wax) and gently sliding the rod in a figure of 8 pattern on a 
thick glass plate, using a mixture of water and Aluminium Oxide (Al2O3) powder, 
until the thickness becomes ~225 µm. After achieving this thickness, the sample 
was removed from the metal rod and put into opticlear to remove the wax from 
the material, and, the sample was then cleaned in acetone and IPA solutions. 
3.5.9. N-contact metallisation and annealing 
The creation of the n-contact was achieved using the same procedure as 
for the p-contact. First, the sample was mounted on the glass slide (with the p-side 
down) with the thinned surface on the upside. 14 nm Gold (Au), 14 nm 
Germanium (Ge), 14 nm Gold (Au), 11 nm Nickel (Ni) and 240 nm Gold (Au) 
were then evaporated with an e-beam assisted, Plassys, machine. Here, the Au/Ge 
alloy is used because Ge is a group IV element and can be used for doping the 
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GaAs. It can be diffused into the area immediately under the contact upon 
annealing, and dopes the GaAs degeneratively n-type. A layer of Ni is used to 
improve the surface morphology post annealing, as it does not form a eutectic 
with the contact metals at temperatures below the alloying temperature [13]. After 
this, the sample was removed from the glass slide by placing it in the acetone 
solution in a hot water bath and cleaning the sample with nitrogen blow. 
Finally, the sample was placed in the rapid thermal annealer (RTA) for 
annealing the metal contacts at 360 ºC for 60 seconds to form ohmic contacts, 
which allows the current to flow into and out of the devices with low resistance. 
3.5.10. Cleaving and mounting 
The last step of the fabrication was cleaving the sample to the desired 
dimensions and mounting onto brass bars with the help of silver conductive 
epoxy. This conductive epoxy gives better adhesion and conductivity for 
characterisation and further measurements. 
3.6. Conclusions 
In the first section of this chapter, the optical and e-beam lithographic 
processes are discussed. The resists used for pattering the mask are presented. 
Furthermore, the background and the basic principle of dry etch technique is 
explained. In this research work, RIE lag technique was used to attain the 
polarisation mode conversion by changing the optical axis of the waveguide. Then 
the overview of the fabrication steps starting from the cleaning of the wafer to the 
realisation of devices and lift-off techniques are briefly explained. The process 
flow diagram for fabrication of the devices is given in Figure 3.15. 
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Figure 3.15: Fabrication of semiconductor lasers process flow diagram. 
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4.1. Introduction 
This chapter describes the material properties of GaAs/AlGaAs and its 
characterisation, which was designed to emit at a wavelength of 850 nm. This 
material was subsequently used to fabricate laser devices with integrated 
polarisation mode convertors (described in chapter 5). The epitaxial layer 
structures of these materials, which have active functionality, are discussed. 
Transmission line measurements (TLMs) used to assess the performance of the p-
type ohmic contacts, are explained. Furthermore, Fabry-Perot Laser (FPL) design, 
optimisation, realisation and characterisation are presented. Finally, the 
simulations and characterisation of far field patterns generated by the FPLs are 
discussed. 
4.2. Material structure 
The devices fabricated and presented in this thesis are based on 
GaAs/AlGaAs and InP/AlGaInAs epitaxial layer structures. The material 
described in this chapter is GaAs/AlGaAs emitting at a wavelength of 850 nm. 
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InP/AlGaInAs material structure emitting at a wavelength of 1550 nm is described 
in the subsequent chapter. The preliminary work is based on the GaAs/AlGaAs 
wafer structure, given in Table 3.2, for the fabrication and realisation of the 
devices. This wafer contains double quantum well, hetero-structure layers which 
are lattice matched to an n- doped GaAs wafer. Layers of 1200 nm and 1000 nm 
of Al0.30Ga0.70As are used as lower and upper cladding layers, respectively, 
whereas, 440 nm GaAs/Al0.15Ga0.85As is used as a core layer. The core layer 
consists of two GaAs quantum well layers of 5 nm each with barrier 
Al0.20Ga0.80As of 10 nm, for confinement of the electrons and holes in the core. 
Also, there are two 210 nm layers of Al0.15Ga0.85As on the upper and lower sides. 
The quantum well layers are sandwiched between two Al0.15Ga0.85As layers. A 
highly p-doped layer of 100 nm GaAs is used as a contact layer on top of the 
wafer. The complete epitaxial layer structure of the wafer with doping 
concentrations and the refractive indices, is given in Table 3.2. The refractive 
indices at a wavelength of 850 nm (1.459 eV) and at a temperature of 25 ºC 
(298.15 ºK) were used [1-3]. 
Table 4.1: Layer structure of the GaAs/AlGaAs active functionality material used 
for the preliminary work. 
Layer Material Thickness 
nm) 
Refractive 
index 
Doping 
concentration 
8 GaAs 100 3.631 p (1x1019) 
7 Al0.30Ga0.70As 1000 3.381 p (2x1017) 
6 Al0.15Ga0.85As 210 3.498 Un-doped 
5 GaAs 5 3.631 Un-doped 
4 Al0.20Ga0.80As 10 3.455 Un-doped 
3 GaAs 5 3.631 Un-doped 
2 Al0.15Ga0.85As 210 3.498 Un-doped 
1 Al0.30Ga0.70As 1200 3.381 n (1x1017) 
n-GaAs Substrate 
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Thereon, the second wafer used for fabrication and realisation of devices, 
consists of GaAs and AlGaAs material. This material was designed for a 
wavelength of 867 nm by B. M. Holmes at the University of Glasgow. This wafer 
contains double quantum well GaAs/AlGaAs separate confinement hetero-
structure (SCH), which was lattice matched to an n-doped GaAs substrate. The 
active region consists of two 9 nm quantum well layers with a barrier layer of 10 
nm Al0.20Ga0.80As. These are sandwiched between two 211 nm thick 
Al0.20Ga0.80As layers on the upper and lower sides. This helps for better 
confinement of electrons and holes in the active region. Two layers of 1500 nm 
and 1000 nm of Al0.40Ga0.60As are used as lower and upper claddings. These are n 
and p-doped, respectively. Whereas, a highly p-doped 100 nm GaAs cap layer is 
used for contact purpose. In this structure, a high refractive index layer of GaAs is 
used as a core layer for the effective guidance of the input source. The epitaxial 
layer structure of this wafer with doping concentrations and the refractive indices, 
is given in Table 4.2. This wafer was grown using metal organic chemical vapour 
deposition (MOCVD) at the EPSRC National Centre for III-V Technologies at the 
University of Sheffield, Sheffield, United Kingdom. 
Table 4.2: Layer structure of the GaAs/AlGaAs double quantum well material. 
Layer Material Thickness 
(nm) 
Refractive 
index 
Doping 
concentration 
8 GaAs 100 3.631 p (2x1018) 
7 Al0.40Ga0.60As 1000 3.315 p (5x1017) 
6 Al0.20Ga0.80As 211 3.455 Un-doped 
5 GaAs 9 3.631 Un-doped 
4 Al0.20Ga0.80As 10 3.455 Un-doped 
3 GaAs 9 3.631 Un-doped 
2 Al0.20Ga0.80As 211 3.455 Un-doped 
1 Al0.40Ga0.60As 1500 3.315 n (5x1017) 
n-GaAs Substrate 
Chapter 4                                Design and characterisation of a semiconductor laser 
91 
4.3. Basic material testing 
The easiest and quickest methods to identify the basic material properties, 
such as material gain and electrical properties are the fabrication of broad area 
lasers and TLM measurements. These methods also help in design, optimisation 
and process development. The devices required to carry out these tests can be 
fabricated using a simple photolithography technique. In this work, the TLM 
method was carried out first to identify the contact resistance of the material, and 
is described in the subsequent section. 
4.3.1. Transmission line measurement 
TLM is a well known method for the identification of the specific contact 
resistance of any ohmic contact. This information helps in the selection of 
materials used for a thin film (ohmic contact), which subsequently affects the 
device performance. 
The TLM in this work, was performed on the wafer structure shown in 
Table 4.2. The contact resistances were taken on the p-side (top side) of the 
material in all the measurements. The geometrical details of the mask used for the 
contact pads are shown in Figure 4.1. The details of the fabrication process steps 
are given in Annex I. 
 
Figure 4.1: A schematic diagram of the mask used for the contact pads. 
There are multiple mesas in the sample which were used for the TLM, 
each mesa has 5 contact pads with 200 µm x 200 µm dimension. These contact 
pads have 25 µm, 20 µm, 15 µm and 10 µm gaps between them (Figure 4.1). 
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However the actual gaps obtained after photolithography were 25 µm, 21 µm, 16 
µm and 10 µm, which were measured using an optical microscope. 
A schematic diagram of the TLM measurement setup is shown in Figure 
4.2. The four probe method was used because it can eliminate surrounding 
resistances, which are produced by the probes. Two probes were brought into 
contact with each pads, with one designated for the voltage and the other for the 
current. The measurements were carried out by applying the bias voltage across 
the contact pads and by measuring the current flow from one contact to the other 
as shown in a schematic of the measurement setup (Figure 4.2). Here, Va and Vb 
are the bias voltages and Ia and Ib are the current flows across the contact pads. 
Resistance between the two contacts was measured by the automated script on the 
four probe station. This process was repeated for measuring the four resistances 
for the four different gaps in a single mesa section. This was performed on the 
multiple mesa sections across the sample to obtain a graph of the resistances 
versus gap length. The resistances are then plotted against their respective gaps 
between the contact pads as shown in Figure 4.3. 
 
Figure 4.2: A schematic diagram of the four probe measurement setup. 
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Figure 4.3: The measured resistances as a function of contact pads separations. 
The linear fit to this scatter gives information about the contact resistance 
and ultimately the specific contact resistance. This is calculated using the equation 
4.1 [4]. 
/
T
RcL
Rs W
=
 
4.1 
where TL  is the transfer length, Rc
 
is the contact resistance, Rs  is the sheet 
resistance and W is the width of the contact pad. 
The specific contact resistance is measured using equation 4.2. 
2
c s TR Lρ =
 
4.2 
TL , Rc , Rs , and cρ  are found to be 3.997x10-5mm, 9.166x10-3Ω, 183Ω 
and 2.932x10-7Ωmm2 respectively. 
Here, the specific contact resistance ( cρ ) is found to be 2.932x10-7Ωmm2 
which is less than the ideal 1x10-1Ωmm2 [4]. This low specific contact resistance 
indicates low series resistance between the contacts.  
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4.3.2. Ridge waveguide lasers 
Optical confinement in the vertical direction is obtained by the higher 
refractive index in the core region than the surrounding layers during the growth 
of the material, whereas, in the horizontal direction, it is achieved by the presence 
of the ridge. Lasing action is achieved by the cavity formed between the two 
cleaved facets resulting in edge emission. The ridge width and etch depth is 
designed to ensure single mode behaviour. This ridge width should be narrow in 
dimensions and can be deep or shallow etched. 
4.3.2.1. Design and optimisation 
Commercial mode solving software [5] was used for optimising the etch 
depth and the width of the ridge waveguide lasers. This mode solver software 
determines the effective refractive index ‘n’, and propagation constant ‘β’, at a 
particular wavelength with different geometries of the waveguides. Numerical 
techniques based on finite difference and finite elements are used for the mode 
solving. In this work, a finite element method (FEM) based on a scalar wave 
equation solver was used to investigate the ridge waveguide structures. The layer 
structure shown in Table 4.2 was used to optimise the depth and width of the ridge 
waveguide for single mode operation. Shallow and deep etched device structures 
were used to obtain laser and PMC sections, respectively. 
In shallow etched devices, only the upper cladding layer was etched, 
whereas, in deep etched devices, both, the upper cladding layer and the core layer 
were etched. There is lower optical confinement and hence lower scattering losses 
in shallow etched devices as compared to the deep etched devices. The shallow 
etched devices were preferred in this work for semiconductor lasers, due to their 
lower sidewall scattering losses and to obtain high lasing power. This also avoids 
side wall recombination (non-radiative) and oxidation of quantum wells. The deep 
etched devices, where scattering losses are higher due to the optical mode’s 
interaction with the side walls of the ridges, were used to fabricate polarisation 
mode convertors, where RIE lag was required to introduce asymmetry and alter 
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the optical axis of the waveguide. Also, it was not possible to achieve necessary 
asymmetric birefringence in shallow etched devices. More detailed analysis of 
these structures is given in chapter 7. Schematic diagrams illustrating the deep and 
shallow etched ridge waveguides are shown in Figure 4.4. The ridge waveguides 
were based on a design with etch depth of 1.95 µm (for the deep etched 
waveguide) and etch depth of 0.95 µm (for the shallow etched waveguide). Here, 
zero order mode operation was verified at a wavelength of 850 nm for each 
device. 
 
Figure 4.4: Schematic diagrams of (a) deep etched and (b) shallow etched devices. 
The mode solving technique was used to determine the correct width and 
depth of the waveguide. First, the effective modal index values for the first three 
TE modes with varying widths of the waveguide for shallow and deep etched 
devices were calculated, which is shown in Figure 4.5. It was observed that 
increasing the width of the waveguide, the effective refractive index also 
increases. This is due to the increased confinement factor in wide waveguides, 
which results in improved laser action. This is also attributable to lower scattering 
losses in shallow etched waveguides. However, beyond a certain width, the laser 
design will support more than one mode. The design should therefore, be as wide 
as possible without resulting in double mode operation [6]. 
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4.3.2.2. Device fabrication 
The fabrication of ridge waveguide lasers involves multiple steps as 
described in chapter 3. The complete fabrication process steps for the ridge 
waveguide lasers are given in Annex II. 
4.3.2.3. Device characterisation 
Shallow etched devices were fabricated with 3 µm width. They were then 
cleaved into lengths of 0.5 mm, 0.8 mm and 1.0 mm. All devices were measured 
while the samples were kept controlled to 20 ºC, maintained with a thermoelectric 
cooler (TEC). A direct current sweep was used to measure the power emitted from 
the devices. A silicon detector was used to detect the emitted light. The emitted 
power (light) was measured as a function of applied current for several device 
lengths. It is observed that with an increase in the length of the cavity with fixed 
width of the waveguide, the threshold current increases. This is shown in Figure 
4.7. 
 
Figure 4.7: Power as a function of applied current for 3 µm wide and various 
cavity length ridge waveguide lasers. 
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4.3.2.4. Calculation of material parameters 
The quality of the laser material being used can be assessed by the 
calculation of basic material parameters including; differential quantum efficiency 
( dη ), internal quantum efficiency ( iη ), internal loss ( iα ), threshold current 
density ( thJ ), infinite threshold current density ( J ∞ ) and the modal optical gain (
mg ). 
Using the L-I curves in Figure 4.7, the threshold current ( thI ) of the device 
is determined, and from the slope of the curve, the differential quantum efficiency 
is calculated using the relation given in equation 4.3. 
d
q dP
h dI
η
ν
=  
4.3 
where q  is the charge of an electron, h  is the Planks constant, ν  is the optical 
frequency of the laser light. 
From equation 4.3, dη
 
is calculated for each device length and then 1 dη
as a function of cavity length (L) is plotted which is shown in Figure 4.8, and 
gives a linear relationship. This intersects the y-axis at the value of 1 dη . From 
this intercept, and slope of the fitted line, internal quantum efficiency ( iη ) is 
calculated. 
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Figure 4.8: A plot of inverse differential quantum efficiency as a function of the 
cavity length. 
Internal loss ( iα ) is calculated by substituting iη  into equation 4.4 [7] for 
each cavity length. 
1 1
1ln
i
d i i
L
R
α
η η η
= +  
4.4 
where L is the cavity length of the device and R is the mean Fresnel 
reflectivity of the two cleaved facets which is ~0.3.
 
In this case, iη  is found to be 34 % and iα  with 0.5 mm, 0.8 mm and 1 
mm long devices, is found to be 19/cm, 13.5/cm and 18.5/cm, respectively. 
The threshold current density is calculated using equation 4.5. 
th
th
IJ
Area
=  
4.5 
Chapter 4                                Design and characterisation of a semiconductor laser 
100 
This gives threshold current densities of 4.7 KA/cm2, 3.2 KA/cm2 and 2.9 
KA/cm2 for 0.5 mm, 0.8 mm and 1 mm long and 3 µm wide devices, respectively. 
The infinite threshold current density ( J ∞ ) is calculated by plotting a 
graph between ln thJ  and 1/L, which is shown in Figure 4.9. From slope of the 
line and using equation 4.6, J ∞
 
is calculated, which is found to be 1763.75 
A/cm2.  
0ln lnth LJ J
L
∞= +  
4.6 
 
Figure 4.9: A plot of ln thJ  as a function of 1/L. 
The modal optical gain is calculated using equation 4.7  
1 1lnw th in g
L R
αΓ = +  
4.7 
where wn  is the number of quantum wells, Γ
 
is the optical confinement 
factor of one well, thg  is the material gain per quantum well at threshold. The 
product w thn gΓ  is called the modal gain ( mg ). Here, modal gain of 40.47/cm, 
25.23/cm and 22.03/cm was calculated for 0.5 mm, 0.8 mm and 1 mm long and 3 
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µm wide devices, respectively. This decrease in modal gain with increase in the 
device length is due to the higher threshold current for longer devices. 
4.3.2.5. Temperature characteristics 
The semiconductor lasers are temperature sensitive. As the sample 
temperature increases, the lasing threshold of the devices increases. This can be 
observed from the L-I curves of 3 µm wide and 1 mm long lasers at various 
temperatures, shown in Figure 4.10. This increase in lasing threshold is due to 
increase in the transparency carrier density with temperature, which in turn 
decreases the gain of the device. This is because the injected carriers spread over a 
large range in energy [7]. The losses also increase with a rise in temperature; 
which are most likely due to the thermionic emissions, in which carriers cross 
their potential energy barrier, resulting in higher threshold current. 
The characteristic temperature ( 0T ) of the material which describes the 
temperature dependence of the threshold current is evaluated by plotting the 
natural log of threshold current ( thI ) as a function of operating temperature. This 
is shown in Figure 4.11. The values of the threshold current and the operating 
temperatures are taken from the measured data (shown in Figure 4.10). By 
applying a linear fit to the measured data and using the equation 4.8 [8, 9], the 
characteristic temperature is found to be 97 ºK, which is less than earlier reported 
values [10]. This lower 0T  is attributed to poor quality growth of the material as 
compared to the commercially growth material, and to design of the material. 
0
0
expth th TI I
T
 
=  
 
 
4.8 
where thI  is the threshold current, 0thI  is the threshold current at 0 ºK 
which is known as the characteristic current, T  is the operating temperature in 
ºKelvin and 0T  is the characteristic temperature of the material. 
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Figure 4.10: A plot of emitted power as a function of current at various 
temperatures. 
  
Figure 4.11: A graph of natural log of threshold current as a function of 
temperature. 
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4.3.2.6. Spectrum analysis 
The optical spectrum was obtained for a 0.5 mm long, 3 µm wide shallow 
etched waveguide laser. The light was coupled into optical fibre using a 
microscope objective lens and was measured using the optical spectrum analyser 
(OSA). A schematic diagram of the optical spectrum measurement setup is shown 
in Figure 4.12. 
 
Figure 4.12: A schematic diagram of optical spectrum measurement setup. 
The threshold current for this device was 70.5 mA (as shown in Figure 
4.7). However, the first peak was observed for 80 mA current at a wavelength of 
870 nm. This spectrum is shown in Figure 4.13. There is a change of 20 nm in 
wavelength between the laser excitation and the designed output wavelength of 
850 nm. This difference is likely due to the growth defects or current injection 
effects i.e. heat. A red shift in peak wavelength was also observed when measured 
with higher CW current injection. A plot in Figure 4.14 clearly shows the peak 
wavelength shift with increasing current. Here, with 120 mA change in current, a 
red shift of 27 nm in peak wavelength was observed as compared to the first peak 
at a wavelength of 870 nm. This red shift in wavelength is due to the existence of 
localized heating in the intrinsic core of the material, produced due to the presence 
of carrier traps in the core which produce hindrance for carrier transportation in 
the core medium from the surrounding layers. 
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Figure 4.13: Spectrum showing the excitation wavelength of 870 nm for 0.5 mm 
long and 3 µm wide ridge waveguide laser at 80 mA. 
 
Figure 4.14: A plot of observed peak wavelength with increase in the current. 
4.3.2.7. Far field pattern analysis 
The far field pattern is important in determining the coupling efficiency 
and coupling tolerance between a semiconductor laser and a single mode fibre 
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[11]. Simulation of the far field patterns was performed for a 3 µm wide, 0.8 mm 
long and shallow etched device using 3-D BPM. The obtained simulation results are 
shown in Figure 4.15. 
 
Figure 4.15: Far field simulation of a 3 µm wide shallow etched waveguide 
structure. 
The simulation results show the divergence angle in the horizontal direction is 
15º, whereas in the vertical direction is 58º. Thereafter, the fabricated devices were 
measured for far field patterns at a distance of 5 mm away from the device facet 
using the measurement setup shown in Figure 4.16. The devices were mounted on a 
TEC with the temperature controlled to 20°C and were placed in front of the rotating 
slit of the goniometric radiometer. The emitted light from the devices was collected 
and the beam intensity as a function of angular position was measured. 
 
Figure 4.16: A schematic picture of far field patterns measurement setup. 
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Results were obtained for
directions at different currents with full width half maximum (FWHM) measured, 
and are shown in Figure 
Figure 4.17: The measured far field patterns in (a) horizontal and (b) vertical 
The measured divergence angle in horizontal direction was around 5.6º, 
whilst in the vertical direction, it was around 59.3º at 130 mA current. Compared 
to the simulated results, the divergence angle in horizontal direction is reduced, 
likely due to fabric
whereas the divergence angle is consistent with the modelling in vertical 
direction. Furthermore, these results are consistent with the simulated single mode 
(Figure 4.6 (b)) results, where, the horizontal and vertical spread of mode is 
entirely opposite to the far field pattern, as would be expected.
4.4. Conclusions
GaAs/AlGaAs material system emitti
its epitaxial layers is discussed. The methods for material characterisation 
including TLM and ridge waveguide lasers are presented. Here, TLM method was 
used for identification of the specific contact resistance of the o
was found to be 2.932x10
showed that there was low series resistance between the contacts. Thereafter, the 
ridge waveguide lasers design, fabrication and characterisation are discussed. T
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 far field patterns in the horizontal and vertical 
4.17. 
directions. 
ation errors (most likely being an under etched sample), 
 
 
ng at a wavelength of 850 nm, with 
-7Ωmm2 which is less than the ideal 1x10
laser 
106 
 
hmic contact. It 
-1Ωmm2. This 
he 
Chapter 4                                Design and characterisation of a semiconductor laser 
107 
evaluation of the emitted power with current characteristics of different lengths 
was used for determination of the most common material properties. These 
include internal quantum efficiency ( iη ), internal loss ( iα ), threshold current 
density ( thJ ) and the modal optical gain ( mg ) of the material. Here, iη  was found 
to be 34 % which is very low from the typical values of 60-80 % for good quality 
material. Furthermore, the internal losses were also found to be very high which 
showed that the material is highly resistive. The characteristic temperature was 
calculated for this material and found to be 97 ºK which is less than already 
measured values. The measured parameters showed that the material is poor to use 
in devices with active functionality, but it is still worthwhile to make passive 
devices. The characterisation of above parameters is important to analyse the 
material quality, so that it can be used for further fabrication of the devices. 
In the subsequent section, the optical spectrum was measured for shallow 
etched fabricated devices. A red shift in wavelength of 20 nm was found between 
the excitation wavelength and the designed output wavelength of 850 nm. 
Furthermore, with the injection of current, a red shift in peak wavelength was 
found. This red shift in wavelength is due to the growth defects and localized 
thermal effects. 
In the last section of this chapter, measurements for far field patterns were 
carried out. It was found that there was more spread of light in the vertical 
direction than the horizontal direction. There were also inconsistent results 
(measured) for far field patterns as compared to the simulated results in the 
horizontal direction, whilst consistent in the vertical directions. This is most likely 
due to fabrication errors (being an under etched sample). 
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5.1. Introduction 
Numerous polarisation mode convertors (PMCs) and polarisation 
insensitive devices have been demonstrated on various III-V material systems, 
including GaAs/AlGaAs, InP/InGaAsP and silicon on insulator (SOI). These 
PMCs reported in literature are of various designs and are based on the principles 
of mode evolution [1, 2] and mode beating. These include longitudinal 
periodically loaded waveguide sections [3], longitudinal waveguide bends [4], 
single ridge waveguide sections with a sloped side walls [5-8] and sub wavelength 
air trenches [9-11]. 
This chapter explains the basic structure and design of the PMC with its 
principle of operation, which is based on etched slot devices (Figure 5.1). Further, 
the design and optimisation of PMCs with a semiconductor laser are described. 
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The modelling was carried out to optimise the optical axis and the length of the 
PMC. The characterisation of the fabricated devices is also discussed.
5.2. Principle of t
convertor
A schematic design of PMC with a sub
Figure 5.1. Here w, h, t and d represent the width of the waveguide, the trench 
depth, thickness of the trench and position of the trench from the waveguide edge, 
respectively. The PMC is highly affecte
the subsequent section.
Figure 5.1: (a) A schematic design of a single trench PMC and (b) the symmetric 
The RIE was employed to 
air trenches, resulting in an ability to attain controllable asymmetric waveguide 
profiles. Therefore, the PMCs were fabricated with deep etching, as it helps to 
attain the etched slot as well as strong mode conf
section enables the optical axis of the waveguide to be changed relative to the 
wafer normal as shown in 
from their respective x and y axes. When a TE (or TM) mode enters into the 
asymmetric waveguide section (PMC section) from the symmetric waveguide 
(Figure 5.1 (b)), two eigen modes, which are orthogonally polarised to each other, 
are excited. As a result, the non
increased, and the modes become hybrid in nature. These m
different propagation constants, 
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he etched slot polarisation mode 
 
-wavelength air trench is shown in 
d by these dimensions, and is described in 
 
and asymmetric waveguide sections. 
fabricate the waveguide with sub
inement. The asymmetric cross 
Figure 5.1 (a), where x` and y` axes are changed to 45º 
-dominant field components of these modes are 
odes propagate at 
1β  and 2β , and for a fully hybridised mode with 
AlGaAs material 
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optical axis of 45º, results in a polarisation rotation of 90º (100 %) at the half beat 
length, Lpi . Here, Lpi pi β= ∆  where 1 2β β β∆ = −  and is the difference 
between the propagation constants of two fundamental modes. When the optical 
axis changes to 22.5º or 67.5º, the polarisation is rotated to 45º (50 %) and the 
length of the convertor is reduced to 2Lpi . 
5.3. Modelling and design of the polarisation mode 
convertor 
Commercial beamprop software [12] was used to model and design the 
symmetric and asymmetric waveguide structures (PMC structure) on the material 
system presented in Table 4.2. The asymmetric waveguide structures can be 
obtained using a sub-wavelength air trench in the PMC section with deep etching. 
For simulations, a ridge waveguide with 1.24 µm width, which gives single mode 
operation (as described in Chapter 4) was used as an input waveguide, whereas 
different trench geometries, were used to design the PMC. This includes one, two 
and three trenches with different widths, at distinct positions from the waveguide 
edge, and with various depths. The appropriate conversion was obtained with one 
trench geometry (Figure 5.1 (a)). However, the conversion can also be obtained 
using two and three trenches in the waveguides, but these were difficult to realise. 
Therefore, a single trench design was further pursued, as it was comparatively 
easier to achieve than two and three trench geometries. The efficacy of the 
waveguide for polarisation conversion was set by adjusting different trench widths 
(t), trench positions from the waveguide edge (d), and the trench depths (h). The 
losses associated with PMCs are not taken into account, due to the software 
limitations. 
The polarisation conversion (PC) efficiency was obtained using the 
expression in Equation 5.1. 
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The geometrical dimensions (as stated earlier) affect the polarisation 
conversion efficiency. Polarisation conversion efficiency changes with changes in 
dimensions, such as the trench width (t), the trench depth (h) or the trench position 
from the waveguide edge (d). The trench position from the waveguide edge was 
determined by the mechanical stability of the remaining pillar (d). This was set by 
my previous fabrication experience (during this research work) to be 140 nm, as 
small (d) results in damaging the pillars on the waveguide edges side. 
Simulations were carried out for optimisation of the PMC by changing the 
trench width, the trench depth, and at the position of the trench from the 
waveguide edge of 140 nm. It was found that 50 % and 100 % polarisation 
rotations were obtained at trench depths of 1.25 and 1.33 µm, respectively, for a 
230 nm trench width with a 140 nm trench position from the waveguide edge. A 
plot of polarisation mode conversion as a function of the trench depth for different 
trench widths at constant trench position from the waveguide edge is shown in 
Figure 5.2. 
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Figure 5.2: A plot of % polarisation mode conversion as a function of the trench 
depth for different trench widths at constant trench position (140 nm) from the 
waveguide edge. 
Thereafter, using the optimum trench width (230 nm) and the trench depth 
(1.25 µm) for 50 % polarisation rotation, and position of the trench from the 
waveguide edge was varied from 120 to 170 nm. The optimum polarisation 
conversion was obtained at a position of 140 nm. A plot of % polarisation mode 
conversion as a function of the propagation direction at various trench positions 
from the waveguide edge, at constant trench width (230 nm) and trench depth 
(1.25 µm) is shown in Figure 5.3. 
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Figure 5.3: A plot of % polarisation mode conversion as a function of the 
propagation direction at various trench positions from the waveguide edge, at 
constant trench width (230 nm) and trench depth (1.25 µm). 
The optimised values for the trench width (230 nm), the trench depth (1.25 
and 1.33 µm) and position of the trench (140 nm) from the waveguide edge for 
45º (50 %) and 90º (100 %) rotations, respectively, were used for further 
simulations. The polarisation mode conversion efficiency of 50.8 % was obtained 
at the convertor length of 415 µm and the trench depth of 1.25 µm. The width of 
the PMC section was 1.24 µm and this PMC includes a 230 nm wide trench at a 
position of 140 nm from the waveguide edge, as optimised above. The 
polarisation mode conversion as a function of the propagation direction is shown 
in Figure 5.4. 
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Figure 5.4: The TE to TM mode conversion as a function of the propagation 
direction for 45º (50 %) rotation. 
Using the optimised dimensions for the trench width (230 nm), the trench 
depth (1.33 µm) and position of the trench from the waveguide edge (140 nm) for 
90º (100 %) rotation, the polarisation mode conversion efficiency of 99.9 % was 
obtained at the convertor length of 665 µm. The polarisation mode conversion as a 
function of the propagation direction is shown in Figure 5.5. The polarisation 
mode conversion depends upon the trench depth as shown in Figure 5.4 and 
Figure 5.5, which identifies that changing the trench depth from 1.25 to 1.33 µm 
at optimised dimensions of the trench width (230 nm) and the position of the 
trench from the waveguide edge (140 nm), causes ~50 % difference in 
polarisation mode conversion, which is due to change in the optical axis of the 
PMC. In this work, only devices of 50 % rotation were fabricated due to the 
difficulties associated with etching a deep, narrow trench. 
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Figure 5.5: The TE to TM mode conversion as a function of the propagation 
direction for 90º (100 %) rotation. 
5.4. Optimisation of the trench depth in realised devices 
The trench depth and the trench width are interdependence to each other as 
shown in SEM images in Figure 5.6. In order to attain the desired etch depth of 
1.25 µm for 50 % polarisation rotation, the various devices were fabricated to 
optimise the trench depth relative to the trench width. The trench width of 500 nm 
to achieve 1.25 µm trench depth, was optimised. In fabrication, less etching was 
advantageous to attain 50 % polarisation rotation due to various factors including 
etch rate, trench widening due to non vertical etching, and pillars breakage due to 
ions reflections, which results in mesa formation. Over-etching also causes mask 
erosion. 
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Figure 5
5.5. Device structure with a single PMC
The device structure shown in 
devices based on GaAs/AlGaAs material. This structure consists of a single PMC 
with input and output waveguide sections.
Figure 5.7
Design and characterisation of polarisation mode convertor on 
GaAs/
.6: SEMs of trench widths relative to the trench depths.
 
Figure 5.7 was devised for realisation of 
 
: A schematic diagram of the device with a single PMC.
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In this structure, the dimensions optimised for the PMC including the 
waveguide width and position of the trench from the waveguide edge, except the 
trench width, were used. A 500 nm wide trench was used instead of optimised 
trench width (230 nm, as was in initial design) to attain the trench depth of 1.25 
µm for 22.5º rotation in optical axis (as explained previously, Figure 5.6). This 
was due to the fact that, with optimised trench width, the desired trench depth 
could not be achieved. A single PMC was placed between 500 µm long input and 
output waveguide sections. The width of the symmetric waveguide and PMC 
sections was kept 1.24 µm. The PMC comprises a 500 nm wide trench at position 
of 140 nm from the waveguide edge. Various PMCs with lengths ranging from 
350 to 600 µm, with a step of 50 µm, were fabricated. Tapers of 5 µm length, 
were provided on each corner of the trench of PMC for smooth etching from the 
input and output waveguide sections to the convertor section. These tapers 
provide deep to shallow etching in the slot due to the RIE lag effect, which in turn 
provides smooth transitions of modes in the device. The devices were deep etched 
through the waveguide core to achieve asymmetric waveguides (PMC sections). 
5.5.1. Device fabrication 
Passive PMCs were fabricated and optimised using e-beam lithography. 
The trench pattern was formed using direct write e-beam and standard etch 
process as described in chapter 3. The fabrication steps required to realise the 
passive PMCs are given in Annex III. Precise control over the trench depth in the 
PMC sections is critical, and was achieved using a reflectrometeric etch 
monitoring technique (as described previously). The devices were fabricated using 
reactive ion etching with ridge depths of 1.45 µm to 1.50 µm, measured for the 
different samples using a Dektak Profilometer. The cross-section of the fabricated 
PMC is shown in Figure 5.8. The defined waveguide width, the trench width and 
position of the trench from the waveguide edge in the PMC were 1.24 µm, 500 
nm and 140 nm, respectively. However, the achieved results after fabrication for 
the waveguide width, the trench depth and position of the trench from the 
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waveguide edge were 1.27 µm, 610 nm and 100 nm, respectively. The obtained 
trench depth was 1.18 µm. 
 
Figure 5.8: SEM picture of the cross section of the passive PMC. 
5.5.2. Passive device measurements 
The fabricated devices were measured and characterised using the setup 
shown in Figure 5.9. In this setup, 1064 nm radiation was provided using the 
diode pumped solid state neodymium-doped yttrium aluminium garnet (Nd:YAG) 
laser. A 1064 nm laser beam was used to avoid any type of absorption losses. An 
optical chopper was used along with a lock-in amplifier. Microscope objective 
lenses of 40x were used for coupling the beam through the device. A polarising 
beam splitter ensured only TE polarised radiation from the Nd:YAG laser was 
injected into the device. An analyser was used at the output to separate the TE and 
TM polarised radiations. The TE and TM components were then separately 
detected using a photo-detector lock-in amplifier. 
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Figure 5.9: A schematic diagram of the device measurement setup with Nd:YAG 
solid state laser, emitting at 1064 nm. 
The TM purity was found to be depend on the PMC length as shown in 
Figure 5.10. Conversion efficiency varied from 5 to 40.5 %, and maximum 
conversion efficiency, i.e. 40.5 % was obtained at the convertor length of 400 µm 
with a 1064 nm wavelength laser beam. The simulated TM purity was in the range 
of 30.7 to 50.8 % for PMC lengths of 400 to 600 µm with maximum conversion 
efficiency i.e. 50.8 % at the length of 415 µm at 850 nm wavelength (Figure 5.4). 
As expected, this lower conversion efficiency for the fabricated devices as 
compared to the initial simulated results was due to the dimensions of the 
fabricated PMCs, and due to the wavelength change of injected signal. The % TM 
purity was obtained at the optimised dimensions of the device, which were 1.24 
µm, 230 nm, 1.25 µm and 140 nm (in simulations), whereas, experimentally 
measured devices had 1.27 µm, 610 nm, 1.18 µm and 100 nm for the PMC width, 
the trench width, the trench depth and position of the trench from the waveguide 
edge, respectively. Furthermore, the wavelength was also changed from 850 nm to 
1064 nm. Thereon, the experimentally measured dimensions were used to 
simulate the devices. This yielded a conversion efficiency of 57.3 % at the 
convertor length of 400 µm with 1064 nm wavelength. The later simulation 
results (Figure 5.10) are nearly comparable with the experimentally obtained 
results, and have a similar trend in terms of polarisation mode conversion versus 
convertor length. 
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Figure 5.10: The % TM purity as a function of the PMC length (experimentally 
measured and re-simulated). 
5.6. Device structure with back to back PMCs 
The devices fabricated with a single PMC (as described earlier) were 
intended to give 50 % polarisation rotation. The use of two PMCs, and attaching 
them back to back, is a method to achieve further rotation to the optical axis. The 
first PMC yields 50 % rotation in the signal, and the second PMC gives further 
change of 50 % rotation, resulting in 100 % polarisation mode conversion, in 
total. This device structure is shown in Figure 5.11. 
In this structure, two gain sections, with widths ranging from 1.23 to 1.35 
µm, and the length of 800 µm, were used on both the longitudinal sides with two 
PMCs, lengths of each ranging from 300 to 500 µm. These PMCs were 
sandwiched back to back in the gain sections, and were electrically pumped. 
Taper waveguides of 5 µm length, were used at the corners of each trench of the 
PMC to ensure smooth dry etching from the gain sections to the convertor 
sections, which in turn provides smooth transmission of optical modes in the 
integrated device. These devices were deep etched through the core, while 
trenches in the convertor sections were obtained with RIE lag. Trenches of 
varying widths, ranging from 500 to 540 nm in convertor sections were defined at 
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positions of 140 nm from the waveguide edge in numerous devices. The wafer 
shown in (Table 4.2) was used to fabricate these devices.
Figure 5.11: A schematic diagram of the device,
5.6.1. Modelling and design of devices with back to 
back PMCs
Using the optimised dimensions, the back to back PMCs were modelled. 
The waveguide width of 1.24 µm, the trench depth of 1.25 µm and the trench 
width of 230 nm at position of 1
optimised to attain 45º (50 %) rotation (
carried out using the beam
(BPM). In simulations, the device structure with two PMCs, placed back to back 
between two symmetric waveguide sections, was used as shown in 
The polarisation conversion efficiency of 99.5 % was obtained from the 
combination of two PMCs at the convertor length of 840 µm. The % polarisation 
mode conversion as a function of the convertor leng
Here, the first PMC yields 50 % polarisation mode conversion as the optical axis 
is rotated at 22.5o
second PMC as mode continues to rotate (in second PMC), resulting in 100 % 
polarisation mode conversion in total.
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40 nm from the waveguide edge, which were 
Figure 5.4), was routed. Simulations were 
prop software based on the beam propagation method 
th is shown in 
 (in first PMC), and further 50 % rotation was achieved in the 
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Figure 5.11. 
Figure 5.12. 
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Figure 5.12: The TE to TM mode conversion as a function of the propagation 
direction for PMCs, attached back to back. 
5.6.2. Fabricated device 
The fabrication process to realise the integrated devices is given in Annex 
IV. Figure 5.13 shows the cross section of a realised PMC. This PMC is integrated 
with a semiconductor laser. A waveguide width of 1.34 µm, a trench width of 500 
nm (as optimised for the realised devices) and position of the trench from the 
waveguide edge at 140 nm, were designed for fabrication. The waveguide width 
was kept little bit higher from the optimised values to compensate any fabrication 
errors during fabrication. The obtained results after the fabrication were 1.34 µm, 
710 nm and 130 nm for the waveguide width, the trench width and position of the 
trench from the waveguide edge, respectively. The trench depth was found to be 
1.18 µm. All three sections of the integrated devices were electrically pumped. 
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Figure 5.13: SEM picture of cross-section profile of the PMC. 
5.6.3. Passive measurements with back to back PMCs 
The fabricated devices were measured and characterised using the 
measurement setup shown in Figure 5.9. 
A plot of the % TM purity as a function of the convertor length is shown 
in Figure 5.14. Conversion efficiency was found vary with length, i.e. from 14.2 
to 64.4 %, and maximum conversion efficiency, i.e. 64.4 % was obtained at the 
convertor length of 760 µm with a 1064 nm wavelength of injected laser beam. 
The simulated TM purity was in the range from 85 to 99.5 % for PMC lengths 
ranging from 680 to 840 µm with maximum conversion efficiency, i.e. 99.5 % at 
the length of 840 µm with 850 nm wavelength. This shows lower conversion 
efficiency as compared to the initial simulated results. These incomparable results 
were due to dimensions of the fabricated PMCs, and due to the wavelength 
change of simulated and experimentally obtained results. The % TM purity was 
obtained at optimised dimensions of the device which were 1.24 µm, 230 nm, 
1.25 µm and 140 nm (in simulations), whereas, experimentally measured devices 
had 1.34 µm, 710 nm, 1.18 µm and 130 nm for the PMC width, the trench width, 
the trench depth and position of the trench from the waveguide edge, respectively. 
The experimentally measured dimensions and wavelength of 1064 nm of injected 
laser beam were further used to simulate the devices. This yielded a conversion 
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efficiency of 49.7 % at the convertor length of 760 µm. The re-simulation results 
(Figure 5.14) compare well with the experimentally obtained results. 
 
Figure 5.14: A plot showing experimentally measured and re-simulated results of 
the % TM purity as a function of the convertor length (attached back to back). 
5.6.4. Active PMC measurements 
The devices consisting of back to back PMCs were measured using the 
experimentally arrangement shown in Figure 5.15. An optical chopper was used to 
modulate the lasers and a lock-in amplifier was used for detection of the 
corresponding signal. A 40x Microscope objective lens was used for coupling the 
beam from the device using end fire technique [13]. A polarising beam splitter 
cube was used to get the TE polarised radiation from the injected laser beam, 
whereas an analyser was used to separate the TE and TM polarised radiation, 
subsequent to the fabricated device. 
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Figure 5.15: A schematic of the device measurement setup with Ti-Sapphire and 
GaAs laser. 
Initially, the input signal was provided using a fabricated Fabry-Perot laser 
(GaAs, FPL). CW current was injected to different sections of the integrated 
devices with the intention of amplification of the input optical signal. It was found 
that no amplification occurred in the integrated devices. These measurements 
were performed with six fabricated samples, with almost 200 devices, in total. 
These devices were subsequently tested using the Ti-Sapphire laser (as shown in 
Figure 5.15) but there was neither lasing nor amplification in all of the fabricated 
integrated devices. This was assumed to be most probably due to un-even growth 
of the wafer. The behaviour of some of these fabricated devices was observed by 
taking V-I curves, which is given in the subsequent section. 
5.6.5. Voltage-Current characteristics 
The voltage-current (V-I) curves were obtained for different sections of 
the integrated devices. The V-I curves of a device show the device resistance. It 
was found that the PMC section and the other sections exhibit a very high 
resistance ~120 ohms for 50 mA injection current. The device resistance should 
be normally ~6-8 Ω and the switch on voltage should be ~1.4 V. The V-I curves 
of three sections of an integrated device are shown in Figure 5.16, which show the 
higher voltage (higher resistance) in all the sections. The high series resistance of 
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the device suggests that the epitaxial layers did not have the specified doping 
profile leading to high series resistance. 
 
Figure 5.16: Voltage-current curves for three sections of an integrated device. 
Output power of these devices was measured for input gain section biased 
at 80 mA, PMC section biased at 25 mA, while the current at the output gain 
section was varied from 0 to 100 mA. A plot of measured power as a function of 
the output gain current is shown in Figure 5.17. The measured output power was 
very low, i.e. in micro-watts, which is due to high series resistance (as explained 
earlier). 
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Figure 5.17: A plot of output power as a function of the current on the output gain 
section of an integrated device. 
5.7. Device structure with deep to shallow etching 
Integrated devices were fabricated with shallow etched gain sections along 
with deep etched PMC sections. This was to investigate the poor performance of 
the previous samples was due to the deep etched gain sections. Tapers between 
deep and shallow etched sections were used to reduce optical losses. The device 
structure of these devices is shown Figure 5.18. 
 
Figure 5.18: A schematic diagram of the deep and shallow etched sections. 
In this structure, two gain sections, each ranging from 1.23 to 1.35 µm 
wide and 800 µm long, were used on both the longitudinal sides with two PMCs 
of lengths ranging from 300 to 500 µm. These PMCs were sandwiched back to 
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back in the gain sections. Taperd waveguides of 5 µm length, were used at the 
corners of each trench of the PMC ensuring smooth dry etching from the gain 
sections to the convertor sections, which in turn provides smooth transmission of 
optical modes in the integrated device. Two 4 and 8 µm wide passive waveguides 
were placed on each side of the two gain sections at position of 300 nm and 800 
nm from the waveguide edge respectively. These waveguides confine the carriers 
in the gain sections by compressing from the sides towards centre and to achieve 
the shallow gain sections by the RIE lag. A taper waveguide with a length of 100 
µm towards the convertor section was used to get smooth shallow to deep etching. 
The PMC section was deep etched, while the gain sections on both sides were 
shallow etched. Trenches in the convertor sections were etched to a depth of 1.25 
µm by the RIE, in order to attain 45º rotation (as modelled earlier). Trenches of 
varying widths, ranging from 500 to 540 nm in the convertor sections were 
defined at position of 140 nm from the waveguide edge. The trench widths of 
>500 nm instead of the optimised trench width (230 nm) were used to achieve 
1.25 µm trench depth (as described earlier). 
 
Figure 5.19: (a) An optical microscope image of the fabricated device with a 
pumped laser section, tapers, cap removal region and PMC sections (b) magnified 
view of PMC (c) magnified view of tapers used for coupling the two PMCs (d) 
magnified view of cap removal region and tapers and (e) magnified view of a 
pumped laser section. 
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5.7.1. Fabricated device 
An optical microscope picture of the fabricated device with a pumped laser 
section, tapers, and PMC sections is shown in Figure 5.19 (a). Figure 5.19 (b) 
shows the PMC section, which was used in various dimensions in different 
devices. The two PMCs were coupled by trench tapers (Figure 5.19 (c)). The 
heavily doped p-cap layer was removed from the region between different 
sections of the device for electrical isolation, and the tapers were used to get 
smooth shallow to deep etching, between the laser section and the PMCs on both 
sides of the device. This is shown in Figure 5.19 (d). The electrically pumped 
laser section is given in Figure 5.19 (e). The large passive waveguide slots of 4 
and 8 µm widths on both sides of pumped laser sections were provided for 
confining the injected carriers below the pumped section. 
The SEM pictures of cross section of the pumped laser section with 
passive waveguide slots, and the PMC are shown in Figure 5.20. In Figure 5.20 
(b) magnified view of the pumped laser section is shown and Figure 5.20 (c) 
shows top view and cross sectional profile of the device. 
 
Figure 5.20: (a) SEM picture of cross section of the integrated device including a 
pumped laser section (b) magnified view of cross section of the pumped laser 
section and (c) magnified top view of the pumped laser section. 
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5.7.2. Active PMC measurements 
These devices were characterised using the measurement setup shown in 
Figure 5.15. Unfortunately, the behaviour of these devices was similar to the deep 
etched devices. There were neither lasing nor optical amplification in all of the 
fabricated integrated devices. 
Some deep and shallow etched devices were cleaved near the start of the 
PMC section. This was carried out to observe behaviour of the shallow to deep 
etched sections transitions. These devices were tested using CW and pulsed 
current setups. It was found that life time of these devices was very short (as 
immediately, the output power dropped significantly), and all the devices failed 
when using drive CW current. However, the emission of light was observed under 
pulsed current measurements. The devices measured with pulse currents were 
quite stable as compared to the CW currents. It was due to less heating produced 
during pulsed current injection. The comparison of CW and pulsed current 
performance of the shallow to deep etched devices is shown in Figure 5.21. 
 
Figure 5.21: Comparison of CW and pulsed current performance of the shallow to 
deep etched devices. 
Chapter 5  Design and characterisation of polarisation mode convertor on 
GaAs/AlGaAs material 
132 
5.7.3. Power-current characteristics 
The power-current (P-I) characteristics of the deep and shallow etched 
devices, were measured. Most of the devices were not lasing, however some 
devices showed lasing. Output power of 13.6 mW was obtained at 150 mA 
injection current. The plot (Figure 5.22) shows that the device is operating in 
multimode. This is evident that for injection current of around 130 mA, one mode 
is converted into another, and the device starts lasing again at this current. 
 
Figure 5.22: Hysteresis of the emitted power as a function of the current. 
5.8. Conclusions 
This chapter gives the description of the passive PMC, the devices 
monolithically integrated with a single PMC, and two PMCs, attached back to 
back, with a semiconductor laser, fabricated with shallow and deep etching. In the 
first section, the principle of etched slot based PMC is presented. The polarisation 
mode conversion was obtained by changing the optical axis of the waveguide to 
the wafer normal. The basic structure, design, modelling and optimisation of the 
PMC with and without semiconductor lasers are explained. Various PMCs were 
modelled using different trench depths, trench widths and position of the trench 
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from the waveguide edge using double hetero-structure, GaAs/AlGaAs material 
systems. Polarisation mode conversion of 45º (50 %) and 90º (100 %) was 
obtained at the waveguide width (1.24 µm), the trench width (230 nm), the trench 
depths (1.25 µm and 1.33 µm) and position of the trench (140 nm) from the 
waveguide edge, respectively. Simulations were carried out using two PMCs, 
attached back to back to get 90º (100 %) rotation, which gives 99.5 % polarisation 
mode conversion at the convertor length of 840 µm (with combination of two 
PMCs). Fabrication of these devices with SEM pictures is discussed. 
The measurements carried out on numerous devices, with passive and 
active functionality of PMCs, are discussed. The obtained results from the 
integrated devices for active functionality of deep, shallow, and deep to shallow 
etched devices, are presented.  
Although some polarisation rotation has been demonstrated using these 
devices, the devices suffered from large amounts of variation between devices and 
high series resistance, which made a robust analysis of performance versus design 
difficult. The next chapter addresses these problems by moving to high quality, 
commercially available epitaxial material. 
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6.1. Introduction 
Devices based on the GaAs/AlGaAs epitaxial material were discussed in 
the previous chapters. While we demonstrated the basic functionality of 
polarisation mode convertors, the material quality was not sufficient, which 
results in poor and variable device performance. Therefore, high quality 
commercially available material (InP/AlGaInAs) operating at a wavelength of 
1550 nm was chosen. This material is suitable for fabrication of the devices 
operating in a 1530-1565 nm wavelength range. This wavelength range is 
commonly used for telecommunications devices. This material also provides 
better performance than other materials operating in this wavelength range, i.e. 
GaInAsP due to its large conduction band offset and therefore improved 
temperature performance. The conduction band offset for aluminium quaternary 
systems ( 0.72 )Ec Eg∆ = ∆  is larger than the phosphorous quaternary systems
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( 0.40 )Ec Eg∆ = ∆ . This results in lower carrier losses due to thermionic 
emission and therefore a higher characteristic temperature [1, 2]. Furthermore, 
aluminium layers in the core region have the advantage of selective dry etching, 
which helps in controlling the etch depth via an Al based etch stop layer. 
In this chapter, a brief description of the epitaxial layers, with the band 
diagram of InP/AlGaInAs material structure, is presented. The integrated device 
structures, consisting of shallow etched active regions with tapers, and deep 
etched passive polarisation mode convertors, are discussed. The modelling and 
optimisation of the integrated devices are also discussed. The characterisation 
results of the fabricated devices are presented. The polarisation mode conversion 
is demonstrated. Further, active phase shifting and polarisation modulation at 300 
Mbps was demonstrated for the first time. 
6.2. Material structure 
The devices were fabricated on the commercially available [3, 4] a 1550 
nm, p-i-n laser diode structure. The design of the wafer was specified by the 
supplier. This wafer contains five Al0.07Ga0.22In0.71As quantum well (QW) layers, 
and six Al0.22Ga0.29In0.49As barrier layers. The thicknesses of QW and barrier 
layers are 6 nm and 10 nm, respectively. The epitaxial layer structure with layer 
thickness of each layer, and doping concentrations is shown in Table 6.1. The QW 
and barrier layers are sandwiched between the two 60 nm Al0.34Ga0.13In0.53As 
layers, which are graded refractive index separate confinement hetero-structure 
(GRINSCH) layers. These GRINSCH layers are used for low carrier population in 
the core and improved optical confinement, as compared to the standard separate 
confinement hetero-structure (SCH). This also helps in reducing the threshold 
current density and increase in the differential gain [2, 5]. These layers are further 
sandwiched between the two wide band-gap Al0.42Ga0.05In0.53As layers, which 
prevent electrons and holes escaping from the active region. Two InP layers of 
800 nm and 1650 nm thickness are used as lower and upper cladding layers. A 
200 nm thick highly doped Ga0.47In0.53As layer is used on the top as a cap and 
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ohmic contact layer. The quantum well layers are compressive strained with 
12000 ppm, whereas, barrier layers are tensile strained with -3000 ppm. All other 
layers used in this wafer structure are lattice matched to InP. The zinc (Zn) and 
silicon (Si) are used as p-type and n-type dopants. 
Table 6.1: Layer structure of the IQE wafer, part no. IEGNS-13-17 
Layer Material Thickness (nm) Doping 
concentration (cm3) 16 Ga0.47In0.53As 200 p > (1.5x1019) 
15 Ga0.29In0.71As0.62P0.38 50 p > (3x1018) 
14 InP 100 p > (1.5x1018) 
13 InP 1500 p (1x1018) 
12 Ga0.15In0.85As0.33P0.67 20 p (1x1018) 
11 InP 50 p (7x1017) 
10 Al0.42Ga0.05In0.53As 60 p (4x1017) 
9 Al0.34Ga0.13In0.53As 60 Un-doped 
8 Al0.22Ga0.29In0.49As 10 Un-doped 
7 Al0.07Ga0.22In0.71As 5 x 6 Un-doped 
6 Al0.22Ga0.29In0.49As 5 x 10 Un-doped 
5 Al0.34Ga0.13In0.53As 60 Un-doped 
4 Al0.42Ga0.05In0.53As 60 n (1x1018) 
3 Al0.40Ga0.07In0.53As 10 n (1x1018) 
2 InP 500 n (1x1018) 
1 InP 300 n (3x1018) 
InP-Substrate 
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This wafer structure is grown using metal organic chemical vapour 
deposition (MOCVD). The energy band diagram of this structure is shown in 
Figure 6.1. 
 
Figure 6.1:. Energy band diagram (conduction band only) of InP/AlGaInAs 
material system. 
6.3. Waveguide design 
Optical confinement in the ridge waveguide structures can be achieved in 
the vertical and horizontal directions. The vertical confinement is achieved due to 
the higher refractive index of the core region than the surrounding layers. The 
confinement in the horizontal direction is achieved by definition of a waveguide 
structure, through etching of the semiconductor material. Deep etched or shallow 
etched waveguides can be fabricated from the same epitaxial material. A 
schematic of these is shown in Figure 6.2. 
 
Figure 6.2: Schematic diagrams of (a) deep etched and (b) shallow etched ridge 
waveguide structures. 
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In a shallow etched ridge waveguide structure, the lateral confinement is 
achieved by etching a ridge into the semiconductor material to just above the 
active region. There is no mechanism for carrier confinement in horizontal 
direction, which leads to losses due to diffusion and recombination [6]. However, 
the scattering losses are lower than deeply etched waveguide structures due to the 
reduced interaction of the optical mode with the sidewalls of the ridge. In a deep 
etched ridge waveguide structure, stronger optical confinement is achieved due to 
the large contrast of the refractive index between the waveguide and the 
surrounding medium, such as air or dielectric. The aluminium containing active 
region of deep etched waveguide is exposed to the air during fabrication which 
leads to oxidisation and increase non-radiative recombination losses, which 
decrease the device performance and life time. 
Beamprop software was used to determine the correct width of the 
waveguide. First, the effective modal index values for the first three TE modes 
with varying widths of the waveguide for deep and shallow ridge waveguides, 
were calculated, and are shown in Figure 6.3. These results indicate that the first 
order cutoff mode is at ridge width of 2.5 µm and 1.5 µm, for deep and shallow 
etched waveguides, respectively. Whilst any width before the cutoff for the first 
order mode would be adequate, the losses for deeply etched devices decrease and 
the confinement factor increases in both structures as the width is increased. It is 
therefore wise to make the waveguides as wide as possible whilst remaining 
single mode. A 2.4 µm wide ridge waveguide, with single mode operation was 
used for shallow etched lasers, in this research. The simulated modal profile of a 
2.4 µm wide ridge waveguide structures at the waveguide depth of 3.70 µm (into 
the waveguide core) and 1.92 µm (above the waveguide core), where a single 
mode operation was attained, is shown in Figure 6.4. 
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Figure 6.3: Simulated waveguide modal effective refractive index of fundamental, 
1st and 2nd order TE polarised modes as a function of the w
deep etched and (b) shallow etched ridge waveguide structures.
Figure 6.4: Simulated modal profile of a fundamental mode of deep and shallow 
6.4. Modelli
PMC 
Commercial beam prop software based on the BPM (as used for earlier 
devices and described in previous chapters) was used for modelling and design of 
the PMC with a semiconductor laser. 
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Initially, using different trench widths, trench depths and position of the 
trench from the waveguide edge, the trench depth was optimised for 50 % of 
polarisation mode conversion. It was found to be 1.972 µm deep for the desired 
polarisation mode conversion of 50 % at the trench width of 600 nm and the 
trench position of 300 nm from the waveguide edge. The trench position of 300 
nm was kept to achieve the vertical pillars. This width also protects them from 
damaging during dry etching process (as described in Chapter 5). A plot of % 
polarisation mode conversion as a function of the trench depth is shown in Figure 
6.5. 
 
Figure 6.5: Simulated % polarisation mode conversion as a function of the trench 
depth. 
The polarisation mode conversion was also carried out to observe the 
effect of the trench width, at the optimised trench depth of 1.972 µm and trench 
position of 300 nm from the waveguide edge (as chosen) for 50 % polarisation 
mode conversion. A plot of % polarisation mode conversion as a function of the 
propagation direction at various trench widths is shown in Figure 6.6. This was 
found that the trench width is tolerant to the polarisation purity i.e. with 20 nm 
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change in the trench width; there was ±1.75 % change in polarisation purity, 
which is quite stable with little change in the trench width. 
 
Figure 6.6: A plot of % polarisation mode conversion as a function of the 
propagation direction at various trench widths. 
A trench width of 600 nm and trench depth of 1.972 µm with the position 
of 300 nm from the waveguide edge, were used in simulations to ascertain the 
beat length. A plot of polarisation mode conversion efficiency as a function of the 
propagation direction is shown in Figure 6.7. As expected, the maximum 
conversion efficiency was 50 % and this occurs at 174 µm length. 
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Figure 6.7: The TE to TM mode conversion as a fu
Additionally, the launched zero order TE mode into the integrated device 
and modal profiles obtained at the entering point of the PMC, and at the length of 
174 µm of the PMC, are shown in 
observed in PMC which is due to the change in the optical axis of the asymmetric 
section of the waveguide. This change in optical axis is due 
launched mode was obtained at shallow etched waveguide (
whereas, modes at the start, and in the PMC section, were attained using deep 
etched waveguides (
further explained in the subsequent section.
Figure 6.8: Modal profiles at (a) the launched position (b) at start of the PMC 
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Figure 6.8 (b & c)). The structure of the integrated device is 
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6.4.1. Device structure with a single PMC 
The integrated device structure shown in Figure 6.9 was devised for 
realisation of the devices on InP/AlGInAs material using optimised values for the 
PMC. In this structure, a single PMC was placed between the two gain sections, 
which consist of a 700 µm long semiconductor laser, a 1000 µm long differential 
phase shifter (DPS), and a 120 µm long taper section. The width of the laser and 
DPS sections was 2.4 µm, whereas, the PMC section was 1.8 µm wide. The PMC 
includes a 600 nm wide trench at position of 300 nm from the waveguide edge, as 
optimised. Various PMCs with lengths ranging from 100 to 190 µm, with a step of 
15 µm, were fabricated. The PMC section, which was 250 µm long for all the 
devices, was un-pumped. Furthermore, 16.4 µm wide slabs around the gain 
sections, were placed to obtain the shallow etching (to the top of the waveguide 
core). Tapers from the laser section to the convertor section, were used to closely 
match the mode profiles at the interfaces, and minimise the coupling losses. A 373 
nm wide deep etched slot was made at the end of the taper section (on the laser 
side) [7]. This slot provides the reflectivity for lasing action, and means to 
propagate as a single pass through PMC and DPS sections. Tapers of 4 µm length, 
were also provided on each corner of the trench of the PMC for provision of 
smooth etching in the un-pumped section of the device, which in turn provides 
smooth transition of modes in the integrated device. The devices were shallow 
etched around the gain sections, whereas, deep etched through the core around 
convertor sections. Trench depth was obtained to the desired value using RIE lag. 
The laser cavity was defined between a cleaved facet, and a transverse deep-
etched slot prior to the PMC section, with the subsequent exit waveguide set at an 
angle of 10º to the facet, in order to mitigate against compound cavity effects. 
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Figure 6.9: A schematic diagram of the integrated device with a single PMC.
6.4.2. PMC fabrication analysis
Previous attempts made, for realisation of active PMCs l
unpredictable behaviour of PMCs and amount of rotation. It was supposed to be 
probably some stress was induced in the fabricated devices, which can be due to 
the SiO2 deposition, HSQ or metallisation during fabrication. As high temperature 
is needed for these processes, therefore the co
be changed after cooling, which can result in stress. Therefore, to isolate the 
problem, some activ
observed at each step of fabrication. Detail of fabrication stages are shown in 
Figure 6.10. 
Figure 6.10: Various fabrication stages (a) as fabricated (b) after removal of HSQ 
(c) after HSQ planarization and (d) after metallisation.
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Initially, these PMCs (test chips) were with different convertor lengths 
ranging from 40 to 300 µm with various widths 2 µm, 2.2 µm and 2.4 µm. These 
devices were measured passively at different stages of fabrication (as stated above 
and shown in Figure 6.10), i.e. after etching, after removal of HSQ mask, after 
HSQ planarization and after metallisation, using the measurement setup shown in 
Figure 6.11. A tuneable laser was used as an input light source. A TE input at 
wavelength of 1600 nm (lower than the band-gap energy for passive 
measurements) was provided using a polarisation maintaining (PM) fibre to 
reduce the TE optical absorption at the band-edge of the material. The output 
optical signal was collimated using 20x microscope objective lens onto the 
detector, which is attached to the high speed oscilloscope. A polarising beam 
splitter cube was used to examine the ratio of TE and TM polarisation. 
 
Figure 6.11: A schematic diagram of the device measurement setup with a 1555 
nm tuneable laser. 
In the fabricated devices with 2.2 µm wide convertors, the % TM purity 
was found to vary from 4 to 37.5 %, with the maximum conversion efficiency 
obtained at the convertor lengths ranging from 120 to 160 µm. The data for ‘after 
etching’, ‘after the removal of HSQ mask’ and ‘after the HSQ planarization’ was 
consistent with similar trends seen for the three cases with length. Although there 
is a little bit variation in the experimentally obtained results in terms of TM purity, 
which is attributed to the fabrication, as these devices are fabricated on different 
samples. After metallisation the data has changed dramatically. This change 
seems to be most likely due to the stress induced by the metal or due a heating 
effect during metallisation. Therefore, the devices further fabricated include 
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PMCs without metallisation. Although passive PMCs are not advantageous due to 
extra losses but to remove the stress problem, these are used. A plot of % TM 
purity as a function of the convertor length with 2.2 µm wide convertor, at 
different fabrication stages is shown in Figure 6.12. 
 
Figure 6.12: A plot of % TM purity as a function of the convertor length at 
different fabrication stages. 
The obtained % TM purity for these devices, measured after planarization, 
and the simulated results for the convertor lengths of 60 to 220 µm, are shown in 
Figure 6.13. Here, 23 to 37.5 % TM purity was obtained at the convertor lengths, 
ranging from 100 to 180 µm, with maximum conversion efficiency at 120 µm 
length. The simulated TM purity was in range of 30 to 50 % for the PMC lengths 
of 100 to 174 µm, with maximum conversion efficiency at the length of 174 µm. 
This difference was due to the trench depth of fabricated devices, as the % TM 
purity was obtained at the optimised trench depth of 1.972 µm, in simulations, 
whilst, experimentally measured devices had the trench depth of 1.96 µm. 
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Furthermore, this difference in measured and simulated purity is most likely due 
to the fabrication errors, as conversion efficiency is very much sensitive to 
dimensions of the PMC. Additionally, the devices were simulated at 1550 nm 
wavelength whereas, measured at 1600 nm wavelength of injected laser beam, to 
avoid absorption on the band-edge of the material. Thereon, the obtained results 
of fabrication with trench depth of 1.96 µm with 1600 nm wavelength, were used 
to re-simulate the devices. This yielded a conversion efficiency of 37.7 % at the 
convertor length of 120 µm, whereas, a maximum conversion was obtained at the 
length of 180 µm. The later simulation results (Figure 6.13) were nearly consistent 
with the experimentally obtained results (at start of convertor lengths). The 
difference in conversion efficiencies above 140 µm long convertors, was most 
probably due to fabrication errors. 
 
Figure 6.13: The % TM purity as a function of the convertor length 
(experimentally measured, initially simulated and re-simulated). 
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6.4.3. Realised device with a single PMC 
The integrated devices were fabricated on different chips using standard 
fabrication procedures. These procedures are described in the previous chapters, 
in detail. Precise control over trench depth, in the PMC, is critical, and was 
achieved using an etch-stop layer, together with reflectometeric etch monitoring 
techniques, resulting in the required run-to-run repeatability. The shallow etched 
laser sections (to the top of the waveguide core) and trenches were fabricated 
using RIE (as described in Chapter 3) and the etch depth of two individually 
processed samples were measured - using a Dektek Profilometer - to be 1.912 µm 
for both the samples. The deep etched sections of the device (into the waveguide 
core) were fabricated using an inductively coupled plasma (ICP) etching tool, 
resulting in measured ridge depths of 3.676 µm and 3.665 µm for the two 
samples. This demonstrates a process repeatability of better than 0.3 %. The SEM 
image of cross section of a realised PMC in the integrated device is shown in 
Figure 6.14. The trench depth of 1.96 µm was obtained. The PMC section was 
kept passive, whereas, both sections on longitudinal sides of the PMC were 
metallised using standard contact metallisation technique. 
 
Figure 6.14: SEM image of cross section profile of the PMC used with a 
semiconductor laser (a magnified view is given in the inset). 
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6.4.4. Light current characteristics 
Light-current (L-I) characteristics of the integrated device were measured 
using a photodetector at a wavelength of 1550 nm. L-I curves were obtained 
separately for the TE and TM polarised lights from both sides of the device, i.e. at 
the semiconductor laser facet and on the angled facet of the DPS side. The device 
was mounted on a TEC controlled copper with temperature at 20 ºC. A constant 
(CW) current of 10 mA was applied on the DPS section, whereas, the current on 
the semiconductor laser section was changed from 0 to 150 mA. In order to 
separate the TE and TM components of light, a polarising beam splitter cube was 
used. First, L-I curves were measured on the laser facet side, which are shown in 
Figure 6.15. Here, the TE component is dominant compared to the TM, owing to 
the material design which emits predominantly TE light. The threshold current for 
TE polarisation state was found to be 20 mA. The measured TM output power 
was due to the TE leakage, which emanates from the finite extinction ration of the 
PBS, which is 30 dB. The L-I curves from DPS angled facet side were also taken. 
Here, the TE and TM polarised L-I curves show an equal impact in terms of the 
emitted power, but with lower optical output power compared to the optical power 
obtained at the semiconductor laser facet. This lower power is most likely due to 
the TE band-edge absorption in the PMC section. A plot of optical out power as a 
function of the current at the semiconductor laser section is shown in Figure 6.16. 
A small kink is observed in L-I curve of the TE polarised light at 70 mA, which is 
supposed to be due to mode hoping. 
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Figure 6.15: L-I curves of the TE and TM polarised light at the laser facet of the 
integrated device. 
 
Figure 6.16: L-I curves of the TE and TM polarised light at the DPS angled facet 
of the integrated device. 
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6.4.5. Optical spectrum measurements 
An optical spectrum was measured for the integrated devices with a single 
PMC using the measurement setup shown in Chapter 4 (Figure 4.11). It was found 
that, there is a red shift in peak wavelength of the devices with increase in the 
injection current. Pictures of the measured optical spectrum at constant currents 
on laser section, ranging from 40 to 140 mA, and varying currents from 0 to 20 
mA on the DPS section, are shown in Figure 6.17. The observed peak wavelength 
as a function of the current at the laser section with constant current of 20 mA on 
the DPS section, is also plotted, which is shown in Figure 6.18. The devices start 
lasing at 1546 nm wavelength and shifts towards higher wavelengths with 
increase in the current on a laser section. This red shift with increase in the current 
indicates the existence of localized heating at active region which is temperature 
dependence of band-gap. 
 
Figure 6.17: Optical spectrums measured at constant currents on the input laser 
sections, ranging from 40 to 140 mA, with varying currents from 0 to 20 mA on 
the output gain section. 
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Figure 6.18: A plot of peak wavelength as a function of the current on a laser 
section, with constant current on the DPS section. 
6.4.6. Transparency current measurements 
The current at which the semiconductor material becomes transparent and 
stimulated gain is zero, is referred to as the transparency current (Itr). It is very 
important to measure Itr for integrated or compound devices, so that, they can be 
characterised after aging or degradation. We can use this to equalise the 
stimulated gain and loss in active devices, and to equalise the losses for TE and 
TM parameters [8]. The Junction-voltage method [9, 10] was used for measuring 
Itr in this work, in which an input signal was induced for changing the carrier 
density in the device, due to optical emission/absorption [11]. This results in 
voltage drop across the p-n junction. The point where absorption becomes equal to 
the emission, and voltage drops to zero, is called transparency current point. The 
polarity of the voltage also changes at Itr, therefore, the induced input signal was 
modulated and lock-in amplification was employed to detect this polarity change 
sign. An experimental schematic of this setup is shown in Figure 6.19. Here, a 
tuneable laser with internal modulation of 100 KHz, was used to induce the input 
signal into the rotator/phase shifter section, which triggers the lock-in amplifier, 
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and lock-in amplifier was used to detect the null and associated phase in the 
voltage. A current driver was used to inject the carriers in the device. 
 
Figure 6.19: A schematic diagram of the transparency current measurement setup. 
The transparency current was measured for various fabricated devices of 
equal lengths, and for different induced input signals having different 
wavelengths, Itr was found to similar for all the devices. As an example, the 
measured Itr was 11.45 mA for a 1550 nm of wavelength. The measured Itr for few 
devices as a function of the wavelength is shown in Figure 6.20. Here, it can be 
observed that Itr decreases with increase in the wavelength. This wavelength 
dependence of Itr is due to the requirement of the lower carriers in the reduced 
band-gap energy. 
 
Figure 6.20: Measured transparency current as a function of the wavelength for 
various fabricated devices. 
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6.4.7. Active PMC measurements 
The fabricated devices (shown in Figure 6.9), were measured using the 
measurement setup shown in Figure 6.21. These devices were measured with the 
temperature controlled at 20 ºC. 
 
Figure 6.21: A setup used for active PMC measurements. 
First, the semiconductor laser sections of these integrated devices were 
tested, and output powers were measured at the cleaved facet of the laser side at 
several currents above threshold current. The TE polarisation purity was found to 
be between 97.5 % and 98 %. Further devices were characterised for the TM 
purity, and output powers at the angled facets of the devices. Computer automated 
program was used with CW currents ranging from 80 to 120 mA on the laser 
section, whereas, varying currents from 0 to 20 mA with a step of 0.2 mA were 
applied at the DPS section, and the TE and TM polarised output powers of the 
devices were monitored. At 100 mA drive current, the laser output from the back 
facet was 3.18 mW, and the TE and TM output powers at the DPS facet were 78 
µW and 98 µW respectively, with the DPS biased at the transparency current. 
Assuming 30 % and 40 % reflectivity for the cleaved faced and the slot mirrors of 
the laser respectively, the total loss of the PMC and DPS combination is of the 
order of 13 dB. This loss may be attributed to absorption in the unbiased PMC 
section, diffraction losses in the slot mirror and residual losses at the PMC/DPS 
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waveguide transition. The TM purity obtained is plotted as a function of the DPS 
current at each laser injection current for the device with a 100 µm trench length, 
with the values obtained for transparency current at each of the laser injection 
currents indicated (Figure 6.22). The injected current changes the effective 
refractive index of the material, leading to the variation in the operating 
wavelength. It can also be observed that the % TM purity decreases with increases 
current on the DPS section. This is consistent with increased TE gain relative to 
TM, with an increase in the bias current on the DPS section, which is acting an 
SOA. The value at the DPS transparency condition yields the power fraction in 
each polarisation mode exiting from the PMC [8]. A range of devices with various 
trench lengths were characterised in the fashion, and the result closest to that for 
the desired half beat length 3dB polarisation coupler was the ~40 % TM purity 
shown for the 100 µm trench length. The wavelength shift with changing bias 
current has to be taken into account, which results in a change of bias current on 
the second gain section (DPS section). 
The measured results for various trench length devices were analysed, and 
calculated the % TM purity. It was found that fixing the injection current equal to 
transparency, polarisation mode conversion of 40.1 %, 39.7 % and 39.2 % were 
obtained at the convertor length of 100 µm with current injections of 80 mA, 100 
mA and 120 mA, respectively. The measured % TM purity as a function of the 
convertor length of these devices is shown in Figure 6.23. 
Chapter 6  Design and characterisation of polarisation mode convertor on 
InP/AlGaInAs material 
158 
 
Figure 6.22: The TM purity as a function of the DPS current for a range of laser 
bias currents in mA. The transparency point for each laser bias is indicated on the 
graph. 
6.4.8. Active polarisation control 
Integrated devices which consist of a semiconductor laser monolithically 
integrated with PMC, followed by an active, differential phase shifter (DPS) 
(shown in Figure 6.9) were characterised for measuring the active polarisation 
control. Active polarisation control, which is obtained by injecting the variable 
current on the DPS section of the device, is advantageous to attain the desired 
polarisation state, and to change the phase of the applied signal. A constant 
current of 120 mA was applied on the laser section, and the current on the DPS 
section was varied in the range of 0 to 6 mA, with a step of 0.2 mA. The optical 
output power was measured through a polarisation analyser, which was set at +45º 
and -45º, to the plane of the wafer. The obtained output power as a function of the 
DPS current is shown in Figure 6.24.  
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Figure 6.23: The % TM purity as a function of the convertor length for different 
laser currents. 
The output power increases with increasing DPS current. The differential 
phase shift between the TE and TM modes as the current is varied, results in the 
observed oscillations as the output polarisation state alternates between linear and 
elliptical polarisation states. From the number of oscillations, we can deduce that 
in the range of 0 to 6 mA current on the DPS section, there is a differential phase 
shift of 9π/4 (slightly larger than 2π) (Figure 6.24). This is due to the % TM purity 
of ~40 % (as shown earlier) which is less than the ideal (50 % TM purity), 
therefore 100 % visibility of the depth of the oscillations cannot be observed. 
Here, the visibility of the oscillations is 88 %. 
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Figure 6.24: Output power as a function of the DPS current for polarisation angles 
of 45º and -45º. 
Thereafter, these measurements were repeated to confirm that behaviour of 
the devices is due to the current induction, and not to the thermal effects. A 
quarter wave plate (QWP) was inserted immediately prior to the polarisation 
analyser, set to +45º. The fast axis of the QWP was set parallel to the plane of the 
wafer to align the TE polarisation. The results obtained with and without QWP are 
shown in Figure 6.25. It can be observed that with the incorporation of the QWP, 
the obtained oscillations are in the form similar to the above measured results, but 
are advanced by a relative phase of π/2 where the fast axis is aligned with the TE 
polarisation. It can therefore be deduced that increasing the DPS current decreases 
the refractive index of the TE polarised mode relative to the TM polarised mode. 
This result is consistent with a refractive index change due to band filling (carriers 
injection) affecting the heavy hole/ conduction band resonance (as described in 
Chapter 2). 
Chapter 6  Design and characterisation of polarisation mode convertor on 
InP/AlGaInAs material 
161 
 
Figure 6.25: Output power as a function of the DPS current with addition of a 
QWP, with a fast axis aligned in plane of the wafer (TE aligned). 
The temporal response of the polarisation state was investigated using the 
measurement setup shown in Figure 6.26. A modulated signal between 3 mA and 
6 mA was provided to the DPS section, using a function generator. The electrical 
input driving pulse of 8 ns was provided. The output optical pulse was measured 
on a high speed oscilloscope at output of the polarisation analyser (polariser), set 
at +45º and using a 2.5 GHz bandwidth, ac coupled photodetector. The 
polarisation modulation output along with the electrical input driving pulse is 
shown in Figure 6.27. We can see that the output pulse exhibits significant rise 
and fall time of 4.8 and 14.6 ns respectively [8]. This is attributed to the electrical 
driving arrangement used, which consisted of low speed probe connections, 
designed for use with DC signals. The 3dB bandwidth for DC probes was 
measured to be 6.4 MHz as shown in Figure 6.28. The carrier life time of this 
device is expected to be around 500 ps [12]. The high speed modulation can be 
obtained by employing the quantum confined stark effect with a reverse voltage in 
these devices. 
Chapter 6  Design and characterisation of polarisation mode convertor on 
InP/AlGaInAs material 
162 
 
Figure 6.26: A schematic diagram of the measurement setup of temporal response 
of the polarisation state. 
 
Figure 6.27: Polarisation modulated output measured with 8 ns input driving pulse 
to the DPS section. 
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Figure 6.28: A plot of output voltage (response) versus frequency measured with 
low speed DC probes. 
6.4.9. Polarisation modulation measurements with 
data injection 
These devices were also measured to obtain the polarisation switched 
optical output data. The experimental arrangement used for this is shown in Figure 
6.29. 
 
Figure 6.29: A schematic diagram of the measurement setup for measurements of 
response of polarisation state after inducing binary input data. 
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A 70 Mbps, 2 V peak to peak signal was combined with a DC bias at 0.7 
mA via a bias-T, used to drive the DPS section of the device. A constant current 
of 120 mA was provided to the laser section. The optical output beam was 
obtained, and collimated using two 20x microscope objective lenses on the fibre, 
attached to the 2.5 GHz bandwidth, ac coupled photodetector. A polarisation 
analyser (polariser) was placed between the two focussing lenses. The optical 
output power was obtained through the polarisation analyser, set at +45º and -45º 
to the plane of the wafer. This differential phase shift results in observed 
polarisation modulation. A comparison with the electrical input driving signal is 
shown in Figure 6.30, whereas in Figure 6.31, the optical outputs with the 
analyser at +45º and -45º are shown. As anticipated, the signals are be logical 
complement of one another. Given the limitations of the existing probe setup (as 
shown in Figure 6.28) for high speed device driving, the setup was modified using 
the high speed RF probes, which is explained in the subsequent section. 
 
Figure 6.30: Polarisation switched optical output pulse (measured), and induced 
electrical input binary data. 
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Figure 6.31: Optical output pulses measured for polarisation angles of 45º and -
45º (with injection of electrical input binary data). 
6.4.10. High speed polarisation modulation 
measurements 
Generally using low speed probe connections, designed for use with DC 
signals for driving the device, the bandwidth was very low i.e. 6.4 MHz (as 
described earlier). Therefore, it was investigated that using RF probes; high speed 
polarisation modulation can be achieved. In order to do this, modification was 
done to existing arrangement. The device was soldered mounted on the aluminium 
nitride tile with the impedance matching of 43 Ω to make ~50 Ω matched 
impedance with RF probe. A schematic of this arrangement is shown in Figure 
6.32. Normally, the device resistance fall between 4-7 Ω, therefore a 43 Ω resistor 
in series with device, using micro-strip line, was used. This strip line was isolated 
from the ground plane of the device. The device was positioned perpendicular to 
the micro-strip line, with the DPS facet facing away from the strip line to provide 
access for the focusing lense to accumulate the output signal. A gold wire was 
then made across the end of the strip line (after resistor) to the DPS section of the 
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device to provide an electrical bridge suitable for RF biasing. The laser section of 
the device was kept to operate with DC probes to give the input signal to the PMC 
and DPS section the device. 
 
Figure 6.32: A schematic of the wire bonded arrangement of the device to use 
with RF probes. 
Initially, polarisation switching was measured with the voltage bias on 
DPS section of the device with keeping the constant current of 120 mA on the 
laser section. This was done due to change in the series resistance of the device. 
RF probes were used to observe the bias voltage for switching, which was found 
to be 1.5 Volt. This is the voltage where maximum switching was obtained 
without amplification of the signal, as DPS section acts as an SOA for higher 
voltages. At this voltage DC current was 19.8 mA. The optical output power was 
measured through the polarisation analyser, which was set at +45o and -45o, to the 
plane of the wafer. The output power as a function of the voltage on the DPS 
section is shown in Figure 6.33. 
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Figure 6.33: Optical output power as a function of the voltage on the DPS section 
using RF probes for polarisation angles of +45o and -45o. 
The high speed polarisation modulation was characterised with the setup 
explained above, and shown in Figure 6.29. A signal with frequency of 100 to 500 
Mbps, with a step of 100 Mbps, was provided. This signal was combined with a 
DC bias of 19.8 mA, equivalent to 1.5 V via a bias-T used to drive the DPS 
section of the device. A constant current of 120 mA was provided to the laser 
section. The data input was 0.5 V. As the voltage source modulation was limited 
to a minimum of ± 0.25 V, the bias was adjusted to obtain the largest optical 
modulation whilst checking the polarisation was being modulated, rather than 
amplification effects. This was confirmed by setting the analyser to 0º and 90º, 
where no modulation was observed. The eye diagrams with -15 dBm output 
optical signal from device with frequencies from 100 to 500 Mbps, were obtained 
through the polarisation analyser, set at +45º,-45º, 0º (TE) and 90º (TM). These 
eye diagrams and output optical signals from 100 to 500 Mbps are shown in 
Figure 6.34 to Figure 6.38. As anticipated, the output optical signals with 
polarisation analyser set at +45º and -45º are complement of one another, whereas 
at 0º (TE) and 90º (TM), there is no signal. A little bit signal at 0º (TE) and 90º 
(TM) (as shown in Figures) is due to the noise generated by the equipment itself. 
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We can also see that the signal weakens as we go on the higher bit rates such as at 
400 and 500 Mbps. The output optical signals with 300 Mbps obtaine
angles at the same scale are also shown in 
signals are straight lines as anticipated (due to large scale).
Figure 6.34: Eye diagrams obtained at 45º (b) and 
measured for polarisation angles of (c) 45º, (d) 
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Figure 6.35: Eye diagrams obtained at 45º (b) and 
measured for polarisation angles of (c) 45º, (d) 
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Figure 6.36: Eye diagrams obtained at 45º (b) and 
measured for polarisation angles of (c) 45º, (d) 
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Figure 6.37: Eye diagrams 
measured for polarisation angles of (c) 45º, (d) 
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Figure 6.38: Eye diagrams obtained at 45º (b) and 
measured for polarisation angles of (c) 45º, (d) 
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Figure 6.39: Optical output signals measured for polarisation angles of (a) 45
-45º, (c) 0º (TE) and 90º (TM) at 300 Mbps (on the same scale).
6.5. Integrated devices with back to back PMCs
The concept to attach two PMCs back to back (as described in Chapter 5), 
was used. The optical axis is rotated at 22.5
2nd PMC to attain total change in the optical axis for 45
axis yields 100 % polarisation rotation. This change in optical axis is shown in 
Figure 6.40, where A, B and C are the termination points of the laser, 1
2nd PMC. These integrated devices, consisting of a semiconductor laser, two 
PMCs attached back to back, and a DPS section, are shown in 
structure with back to back PMCs, instead of using a single PMC, to attain 100 % 
polarisation rotation is advantageous due to less etch
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easily achievable. Further mode matching is easier to achieve. Although it has 
some disadvantageous such as increase in length of the PMC, and higher losses in 
the un-pumped section of the PMC. Same dimensions were opted as descri
the first structure (
sections. These dimensions were 600 nm trench width with
depth, and 300 nm trench position from the waveguide edge. The laser and DPS 
section widths were 2.4 µm, and PMC section width was 1.8 µm. Here, a 1000 
µm long semiconductor laser section, 200 to 380 µm long trenches (in PMC 
sections) with a step of 30 µm, and a 1050 µm long DPS section, was fabricated. 
Tapers of 4 µm length were used on each side of the trench for smooth etching 
and mode matching. These two PMCs helped in obtaining the polarisation mode 
conversion two times higher as compa
section was 440 µm long and un
Figure 6.40: A schematic diagram of the integrated device with two back to back 
PMCs, followed by a DPS sect
6.5.1. Modelling and design of device
The integrated devices with a laser, two back to back PMCs, followed by a 
DPS section, were simulated using BPM. The simulation parameters used, were 
same as for the single 
trench width with 1.972 µm trench depth, and 300 nm trench position from the 
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 1.972 µm trench 
red to the single PMC devices. The PMC 
-pumped for all the devices. 
ion, with change in the optical axis at A, B and C.
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waveguide edge. The width of the laser and DPS section was kept 2.4 µm, 
whereas PMC section was 1.8 µm wide. A polarisation mode conversion of 99 % 
was obtained for the convertor length of 366 µm (two x 188 µm long PMCs), and 
with 1.972 µm deep trench. The TE to TM polarisation mode conversion for a 
zero order TE mode launched into the convertor section for this device is shown 
in Figure 6.41. When the TE and TM modes convert to each other at 188 µm, 
there is an uneven behaviour of the modes, which might be due to the mode 
mismatching. 
 
Figure 6.41: The TE to TM mode conversion as a function of the propagation 
direction for the integrated devices (with back to back PMCs and a DPS section). 
Additionally, the modal profiles of the modes propagating in the integrated 
device at various positions such as at the entering point of 1st PMC, and at 
termination points of 1st PMC section (at 188 µm) and 2nd PMC section (at 366 
µm), are shown in Figure 6.42. We can see that there is a tilt of the modes after 1st 
and 2nd PMCs, which is due to the change in the optical axis of the asymmetric 
section of the waveguide. This change in optical axis is due to the air trench. 
These all modes were obtained with deep etched waveguides. 
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Figure 6.42: Modal profiles (a) at the start of the 1
point of 1st PMC (188 µm) and (c) 
6.5.2. Device measurements
These integrated devices with back to back PMCs were fabricated on the 
same chip, on which the integrated devices with a single PMC were fabricated, 
and described earlier. The measurement se
measure the TM purity. In these devices, Polarisation mode conversion 
efficiencies of 90.7 %, 88.1 % and 86.3 % were obtained for the PMC length of 
200 µm with injection currents 
plot of % TM purity as a function of the PMC length at three laser drive currents 
is shown in Figure 
Figure 6.43: A plot of % TM purity (experimentally measured and re
as a function of the PMC length at three laser drive currents.
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Furthermore, the measured results were compared with simulated results, 
and found that the measured results are not consistent with each other in terms of 
the convertor lengths. From simulations, conversion efficiency of 99 % was 
obtained at the convertor length of 366 µm (Figure 6.41), whereas; 86.3 % to 90.7 
% conversion efficiencies, were obtained from the realised device with a 200 µm 
long convertor section. The experimentally obtained results were used to refine 
the refractive indices and loss coefficients used in the simulations, yielding a 
conversion efficiency that closely followed the observed trend (as shown in Figure 
6.43), albeit with a reduced conversion efficiency due to the effects of preferential 
absorption of the TE component of polarised light in the un-pumped PMC section 
[13]. 
The obtained results of the integrated devices with back to back PMCs 
were compared with the measured results of the single PMC devices. It is 
observed that the conversion efficiency is almost double in devices with back to 
back PMCs as compared to the single PMC devices. This shows the consistency 
of simulated models with the fabricated devices, with single and back to back 
PMCs. Comparison of both integrated devices is shown in Figure 6.44. 
 
Figure 6.44: Comparison of polarisation mode conversion with single (and back to 
back) PMCs at 100 mA current on a semiconductor laser section. 
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6.6. Conclusions 
In the first section of this chapter, the description of the quaternary 
material (InP/AlGaInAs) is provided. This material provides the better research 
interest than the other phosphorous quaternary material systems, due to the 
attractive band discontinuity properties. Furthermore, the brief description of the 
epitaxial layers with the band diagram of InP/AlGaInAs material structure, is 
presented. Thereon, the structures devised for realisation of the integrated devices 
using a single PMC, and two PMCs attached back to back, with a laser with their 
modelling and optimisation, are discussed. The characterisation and 
measurements including optical spectrum, transparency current and polarisation 
mode conversion carried out for these devices are given. The polarisation mode 
conversion efficiencies of 40.1 %, 39.7 % and 39.2 % from 100 µm long 
convertor, and 90.7 %, 88.1 % and 86.3 % from 200 µm long convertor, with the 
current injections of 80 mA, 100 mA and 120 mA, respectively, were obtained. 
Dynamic polarisation control measurements are presented for devices with a 
single PMC. The investigated temporal response of the polarisation state using a 
function generator is given, which shows 4.6 ns rise time and 14.6 fall time for the 
electrical input driving pulse of 8 ns duration. The measurements of these devices 
by applying the electrical input binary data and the optical output signals obtained 
at +45º and -45º to the plane of the wafer, also presented, which show the 
consistency with the applied electrical input binary data. The polarisation 
switching was observed at 300 Mbps using high frequency probes on these 
devices. This high polarisation switching was obtained by modifying the DC 
probe arrangement to use with RF probes for driving the DPS section of the 
device. 
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7.1. Conclusions 
A polarization mode convertor (PMC) integrated monolithically with a 
semiconductor laser is introduced, which is, theoretically optimised, fabricated 
and characterised. The integrated devices were realised in a single reactive ion 
etch (RIE) process, and the RIE lag technique was employed to attain the desired 
trench depth above the double quantum well (DQW) hetero-structure layers in the 
polarization mode convertor section. This added trench, makes the asymmetric 
waveguide section, which helps to alter the optical axis of the waveguide 
structure. 
A DQW, un-strained GaAs/AlGaAs material with active device 
functionality, was used for optimisation of the trench width, and the depth of the 
PMC in the integrated devices. The integrated devices were devised, in two ways, 
i.e. using a single PMC with a semiconductor laser, and using two PMCs attached 
back to back, with a semiconductor laser. Polarization mode conversion of 40.5 % 
and 64.4 % was obtained in passive devices with a single PMC, and back to back 
PMCs, respectively, in the GaAs/AlGaAs material system. 
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Integrated devices were also fabricated using InP/AlGaInAs strained 
quantum well material. Polarization mode conversion of ~40 % was obtained for a 
single PMC with a convertor length of 100 µm, and above 85 % was obtained for 
a convertor length of 200 µm, using two PMCs, attached back to back, with 
current injections from 80 to 120 mA on a semiconductor laser section. High 
speed modulation at 300 Mbps, by applying the input electrical binary data using 
RF probes, on the differential phase shifter (DPS) section of the integrated device, 
was also measured using a single PMC with a convertor length of 100 µm. 
7.2. Future recommendations 
Some suggestions for future work as a follow up to this research are as 
follows. 
• Loss characterisation was not performed in this research work, which 
should be addressed theoretically and experimentally. 
• The devices fabricated for 45o (50 %) polarisation mode conversion, and 
presented in this research, can be further realised for 90o (100 %) 
polarisation mode conversion using a single PMC instead of two PMCs 
attached back to back. This can be achieved by increasing the trench depth 
in the PMC section. However, an accurate control will be required to 
achieve the desired trench depth. This will also help in reducing the device 
length as well. 
• The devices with a single PMC, and two PMCs (attaching back to back) 
can be fabricated with an SOA. Therefore, the integrated devices can be 
used for polarisation mode conversion, and optical amplification, at the 
same time. 
• High speed modulation in integrated devices ~1GHz can be obtained by 
employing quantum confined stark effect (QCSE), with a reverse bias 
voltage on the DPS section. 
• Further, improving design of the integrated devices, with two PMCs and 
two DPSs, a dynamic polarisation controller can be realised. This can be 
done by increasing the trench length, the width or position of the trench 
Chapter 7                                                 
from the waveguide edge in the PMC for obtaining the % TM purity upto 
~100 %. The schematic structure of this type of device is shown in 
7.1. 
Figure 7.1: A schematic diagram of the integrated device with two single PMCs, 
and two DPS sections with a semiconductor laser section.
 
Conclusions and future recommendations 
183 
Figure 
 
 
Annex I 
184 
Annex I 
Transmission line measurement 
fabrication steps 
The steps of the fabrication process for measurement of TLM are given below. 
1. Cleave the sample measuring 6 mm x 8 mm in dimension. 
2. Clean the sample in ultrasonic bath with acetone, IPA and RO water for 5 
minutes each and then blows dry with gaseous nitrogen. 
3. Spin coat the sample with photo-resist S1818 (positive resist) at 4000 rpm for 
30 seconds. This produces 1.8 µm thick resist layer. 
4. Clean backside of the sample with acetone soaked cotton bud and place on the 
hot plate at 90 ºC for 15 minutes. 
5. Put the sample in chloro-benzene filled petri dish for 10 minutes. This makes 
the resist hard enough and the lift off process becomes easier. 
6. Blows dry the sample with gaseous nitrogen and place on the hot plate for 5 
minutes at 90 ºC. 
7. Expose the pattern shown in Figure 4.1 in Chapter 4, using photolithography 
technique. 
8. Develop the sample in 1:1 mixture of micro-posit developer and RO water for 
75 seconds and then rinse in RO water for 75 seconds. Then blows dry the 
sample with gaseous nitrogen and inspect the developed pattern under the 
microscope. 
9. Deoxidise the sample with 1:5 HCl: H2O mixture for 30 seconds and then 
rinse in RO water for 30 seconds and blows dry with gaseous nitrogen. 
10. Evaporate 30 nm Ti, 33 nm Pt and 240 nm Au to make the contact pads using 
electron-beam assisted Plassys machine. 
11. Lift off Ti/Pt/Au layer using acetone in hot water bath at 50 ºC for 1 hour. 
Annex I 
185 
12. Clean the sample with acetone and RO water for 1 minute each and then 
blows dry with gaseous nitrogen. 
13. Spin coat the sample with photo-resist S1818 (positive resist) at 4000 rpm for 
30 seconds. 
14. Clean backside of the sample with acetone soaked cotton bud and place on the 
hot plate at 90 ºC for 15 minutes. 
15. Expose the pattern using second mask (opposite to already used mask, shown 
in Figure 4.1 in Chapter 4) using photolithography technique. 
16. Develop the sample in 1:1 mixture of micro-posit developer and RO water for 
75 seconds and then rinse in RO water for 75 seconds. Blows dry the sample 
with gaseous nitrogen and inspect the developed pattern under the microscope. 
17. Remove any remaining resist on the sample using O2 ash for 2 minutes. 
18. Dry etch the sample to create the mesa structure. System 100 machine was 
used with SiCl4 chemistry for 5 minutes. The process was carried out at 5 
mTorr pressure, at the flow rate of 13 sccm and 250 watts power. Thereon, the 
sample was cleaned with usual cleaning process. 
19. Anneal the sample in rapid thermal annealer (RTA) for 50 seconds at 360 ºC 
with an initial ramp of 320 ºC for 20 seconds. Annealing temperature profile is 
shown in Figure A-1. 
 
Figure A-1: An annealing temperature profile provided to the sample after mesa 
definition.
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Annex II 
Ridge waveguide laser fabrication steps 
The fabrication process steps for the ridge waveguide lasers are given 
below. 
Step 1: Creation of e-beam position calibration markers. 
1. Cleave the sample measuring 8 mm x 10 mm in dimension. 
2. Clean the sample in ultrasonic bath with acetone, IPA and RO water for 5 
minutes each and then blows dry with gaseous nitrogen. 
3. Spin coat the first e-beam resist layer with lower molecular weight PMMA 
(positive resist, 15 % of 2010) at 5000 rpm for 60 seconds. This produces 
1.2 µm thick resist layer. 
4. Clean backside of the sample with acetone soaked cotton bud and place it 
in the oven at 180 ºC for 30 minutes. 
5. Spin coat the second e-beam layer with higher molecular weight PMMA 
(positive resist, 4 % of 2041) at 5000 rpm for 60 seconds. This produces 
100 nm thick resist layer. 
6. Clean backside of the sample with acetone soaked cotton bud and place it 
in the oven at 180 ºC for 90 minutes. 
7. Expose the bi-layer resist coated sample to the position marker pattern 
with VB6 e-beam writer. VB6 control parameters are, resolution: 1.25 nm, 
proximity correction file: gaas700-100t.pec, dose: 360 µC/cm2, spot size: 
12 nm and VRU: 8. 
8. Develop the exposed position marker pattern using 1:1 IPA:MIBK 
solution at 23 ºC for 30 seconds. Rinse the developed sample in IPA and 
RO water for 30 seconds and 60 seconds, respectively. Then blows dry 
with gaseous nitrogen. 
9. Metallise the developed sample with 33 nm NiCr: 120 nm Au. This is 
carried out using e-beam assisted Plassys machine. 
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10. Lift off NiCr:Au layer using acetone in hot water bath at 50 ºC for 1 hour. 
11. Clean the sample in acetone, IPA and RO water for 1 minute each and then 
blows dry with gaseous nitrogen. 
12. O2 ash on asher for 10 minutes at 100 Watt power. 
Step 2: Realisation of a ridge waveguide structure. 
1. Pre-bake the sample on hot plate for 2 minutes at 90 ºC. 
2. Spin coat the e-beam resist layer of 100 % HSQ (negative resist) at 5000 
rpm for 60 seconds. This produces 360 nm thick resist layer. 
3. Clean backside of the sample with acetone soaked cotton bud and place it 
on the hot plate at 90 ºC for 10 minutes. 
4. Expose the ridge waveguide structure with VB6 e-beam writer. VB6 
control parameters are, resolution: 1.25 nm, proximity correction file: 
gaas300-100b.pec, proximity minimum: 0.05, proximity grid 0.01, dose: 
670 µC/cm2, spot size: 12 nm and VRU: 8. 
5. Expose the protection markers pattern with VB6 e-beam writer. VB6 
control parameters are, resolution: 1.25 nm, proximity correction file: 
gaas300-100b.pec, dose: 640 µC/cm2, spot size: 33 nm and VRU: 20. 
6. Develop the exposed patterns using 25 % TMAH at 23 ºC for 30 seconds. 
Rinse in RO water for 30:30 seconds in two separate beakers and then in 
IPA solution for 15 seconds. Then blows dry with gaseous nitrogen. 
7. Dry etch the developed pattern using System 100 machine to etch 0.95 µm 
and 1.95 µm for shallow and deep etched waveguides using reflectometer. 
8. In order to remove the HSQ from the ridge waveguide structure, process 
the sample for wet etch with 10:1 ratio of RO water and HF solution for 60 
seconds. Rinse in water for 60 seconds and blows dry with gaseous 
nitrogen. 
9. Clean the sample in acetone, IPA and RO water for 1 minute each and 
blows dry with gaseous nitrogen. 
10. O2 ash on asher for 10 minutes at 100 Watt power. 
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Step 3: Realisation of a current injection window on the top of the ridge 
waveguide structure. 
1. Deposit the layer of 200 nm SiO2 (PECVD) to isolate the etched regions 
and side walls. This isolation acts as passivation layer as well. 
2. Spin coat the e-beam resist layer of 100 % HSQ (negative resist) at 5000 
rpm for 60 seconds. This produces 360 nm thick resist layer on SiO2. 
3. Clean backside of the sample with acetone soaked cotton bud and place it 
in the oven at 180 ºC for 90 minutes. 
4. Deposit the layer of 100 nm SiO2 (PECVD). 
5. Spin coat the first e-beam resist layer with lower molecular weight PMMA 
(positive resist, 15 % of 2010) at 5000 rpm for 60 seconds. This produces 
1.2 µm thick resist layer. 
6. Clean backside of the sample with acetone soaked cotton bud and place it 
in the oven at 180 ºC for 30 minutes. 
7. Spin coat the second e-beam layer with higher molecular weight PMMA 
(positive resist, 4 % of 2041) at 5000 rpm for 60 seconds. This produces 
100 nm thick resist layer. 
8. Clean backside of the sample with acetone soaked cotton bud and place it 
in the oven at 180  for 90 minutes. 
9. Expose the current injection window pattern with VB6 e-beam writer. 
VB6 control parameters are, resolution: 1.25 nm, proximity correction file: 
iqe_b.pec. proximity minimum: 0.05, proximity grid: 0.01, dose: 360 
µC/cm2, spot size: 12 nm and VRU: 8. 
10. Develop the exposed current injection window pattern using 1:1 
IPA:MIBK solution at 23  for 30 seconds. Rinse the developed sample 
in IPA and RO water for 30 seconds and 60 seconds, respectively. Then 
blows dry with gaseous nitrogen. 
11. Process the developed sample with O2 asher for 1 minute at 100 Watt 
power to remove any remains of resist after development. 
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12. Dry etch the sample with RIE 80 plus machine. This will remove the SiO2 
from the exposed regions on the ridge waveguide structure. Dry etch was 
carried out with CHF3/Ar chemistry as a reactive gas for 30 minutes. 
13. Remove the e-beam resist by an O2 gas using BP 80 machine for 12 
minutes with following recipe, Power: 100 Watt, pressure: 50 mTorr and 
flow rate: 50 sccm. 
14. Clean the sample in acetone for 10 minutes and then rinse with IPA and 
RO water for 1 minute each and blows dry with gaseous nitrogen. 
Step 4: Realisation of p-contact metallisation on current injection window on the 
top of the ridge waveguide structure. 
1. Spin coat the first e-beam resist layer with lower molecular weight PMMA 
(positive resist, 15 % of 2010) at 5000 rpm for 60 seconds. This produces 
1.2 µm thick resist layer. 
2. Clean backside of the sample with acetone soaked cotton bud and place it 
in the oven at 180 ºC for 30 minutes. 
3. Spin coat the second e-beam layer with higher molecular weight PMMA 
(positive resist, 4 % of 2041) at 5000 rpm for 60 seconds. This produces 
100 nm thick resist layer. 
4. Clean backside of the sample with acetone soaked cotton bud and place it 
in the oven at 180 ºC for 90 minutes. 
5. Expose the p-contact pattern with VB6 e-beam writer. VB6 control 
parameters are resolution: 1.25 nm, proximity correction file: gaas700-
100t.pec, dose: 370 µC/cm2, spot size: 33 nm and VRU: 20. 
6. Develop the exposed p-contact pattern using 1:1 IPA:MIBK solution at 23 
ºC for 30 seconds. Rinse the developed sample in IPA and RO water for 
30 seconds and 60 seconds, respectively. Then blows dry with gaseous 
nitrogen. 
7. Deoxidise the sample with 1:5 HCl: H2O mixture for 30 seconds. Then 
rinse in RO water for 30 seconds and blows dry with gaseous nitrogen. 
8. Evaporate 30 nm Ti, 33 nm Pt and 240 nm Au using electron-beam 
assisted Plassys machine. 
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9. Lift off Ti/Pt/Au layer using acetone in hot water bath at 50 ºC for 1 hour 
and clean the sample. 
10. Clean the sample in acetone, IPA and RO water for 1 minute each and 
blows dry with gaseous nitrogen. 
Step 5: Realisation of n-contact metallisation on back side of the sample. 
1. Spin coat the glass cover-strip with photo-resist S1818 at 2000 rpm for 5 
seconds, place p-side of the sample down onto the glass cover-strip. Then 
put the sample into oven at 90 ºC for 60 minutes to stick the resist well 
with the glass cover-strip. 
2. Clear back side of sample with acetone soaked cotton bud. 
3. Mount glass cover-strip onto a metal chuck using wax. 
4. Process the sample for thinning with aluminium powder (9 µm/ 3 µm 
granules) with water mix. The sample was thinned to an approximate 
thickness of 225 µm. 
5. Clear off wax from glass cover-strip by putting the sample into opticlear 
for 10 minutes. 
6. Release the sample from glass cover-strip by putting in acetone placed in 
hot water bath at 50 ºC for 30 minutes. 
7. Rinse sample with IPA and RO water, blows dry with gaseous nitrogen. 
8. Spin coat the glass cover-strip with photo-resist S1818 at 2000 rpm for 5 
seconds, place p-side of the sample down onto the glass cover-strip and 
put it into an oven at 90 ºC for 30 minutes. 
9. Evaporate 14nm Au, 14nm Ge, 14nm Au, 11nm Ni, and 240nm Au with 
electron-beam assisted Plassys machine. 
10. Release sample from glass cover-strip by putting it into acetone beaker 
placed in hot water bath at 50 ºC for 1 hour. 
11. Rinse sample in IPA and RO water for one minute each and then blows 
dry with gaseous nitrogen. 
12. Anneal the sample in RTA at 380 ºC for 50 seconds in order to form the 
ohmic contacts. 
13. The sample onwards is scribed and cleaved for testing and measurements. 
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Annex III 
Fabrication steps for realisation of passive 
polarisation mode convertor 
Fabrication process to realise the passive PMC is given below. 
1. Cleave the sample measuring 6 mm x 8 mm in dimension. 
2. Clean the sample in ultrasonic bath with acetone, IPA and RO water for 5 
minutes each and then blows dry with gaseous nitrogen. 
3. Pre-bake the sample on hot plate for 2 minutes at 90 ºC. 
4. Spin coat the e-beam resist layer of 100 % HSQ (negative resist) at 5000 rpm 
for 60 seconds. This produces 360 nm thick layer of resist.  
5. Clean backside of the sample with acetone soaked cotton bud and place it on 
the hot plate at 90 ºC for 10 minutes. 
6. Expose the ridge waveguide structure with VB6 e-beam writer. VB6 control 
parameters are, resolution: 1.25 nm, proximity correction file: gaas300-
100b.pec, proximity minimum: 0.05, proximity grid 0.01, dose: 670 µC/cm2, 
spot size: 12 nm and VRU: 8. 
7. Develop the exposed pattern using 25 % TMAH at 23 ºC for 30 seconds. 
Rinse in RO water for 30:30 seconds in two separate beakers and then in IPA 
solution for 15 seconds. Then blows dry with gaseous nitrogen. 
8. Dry etch the developed pattern using System 100 to etch 1.50 µm using 
reflectrometer. 
9. In order to remove the HSQ from the ridge waveguide structure, process the 
sample for wet etch with 10:1 ratio of RO water and HF solution for 60 
seconds. Rinse in water for 60 seconds and blows dry with gaseous nitrogen. 
10. Clean the sample in acetone, IPA and RO water for 1 minute each and blows 
dry with gaseous nitrogen. 
11. Finally the sample was scribed and cleaved for testing and measurements. 
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A schematic diagram illustrating the fabrication process is shown in Figure A-
2. 
 
Figure A-2: A schematic diagram of fabrication steps. 
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Annex IV 
Fabrication steps for realisation of 
polarisation mode convertor with a 
semiconductor laser 
The fabrication steps for realising the PMC with a semiconductor laser are given 
below. 
Step 1: Creation of e-beam position calibration markers. 
The electron beam position calibration markers are defined according to the 
description given in Annex III. 
Step 2: Realisation of integrated waveguides structure. 
The realisation of integrated waveguides structure is the same excluding step 8 as 
described for the ridge waveguide structure in the Annex III. 
Step 3: Removal of cap layer for isolation of contacts. 
1. Spin coat the first e-beam resist layer with lower molecular weight PMMA 
(positive resist, 15 % of 2010) at 5000 rpm for 60 seconds. This produces 
1.2 µm thick resist layer. 
2. Clean backside of the sample with acetone soaked cotton bud and place it 
in the oven at 180 ºC for 30 minutes. 
3. Spin coat the second e-beam layer with higher molecular weight PMMA 
(positive resist, 4 % of 2041) at 5000 rpm for 60 seconds. This produces 
100 nm thick resist layer. 
4. Clean backside of the sample with acetone soaked cotton bud and place it 
in the oven at 180 ºC for 90 minutes. 
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5. Expose the cap layer pattern with VB6 e-beam writer. VB6 control 
parameters are, resolution: 1.25 nm, proximity correction file: iqe_b.pec. 
dose: 270 µC/cm2, spot size: 12 nm and VRU: 8. 
6. Expose the reflectometer layer view pattern with VB6 e-beam writer. VB6 
control parameters are, resolution: 1.25 nm, proximity correction file: 
iqe_b.pec. dose: 380 µC/cm2, spot size: 33 nm and VRU: 20. 
7. Develop the exposed patterns using 1:1 IPA:MIBK solution at 23 ºC for 30 
seconds. Rinse the developed sample in IPA and RO water for 30 seconds 
and 60 seconds, respectively. Then blows dry with gaseous nitrogen. 
8. In order to partial remove of the HSQ from the ridge waveguide structure 
within the cap layer pattern, process the sample for wet etch with 5:1 ratio 
of RO water and HF solution for 10 seconds. Rinse in water for 60 seconds 
and blows dry with gaseous nitrogen. 
9. Dry etch the developed pattern using System 100 for 45 seconds to etch 
100 nm cap layer using reflectometer. 
10. Remove the e-beam resist by an O2 gas using BP 80 machine for 12 
minutes with following recipe, Power: 100 Watt, pressure: 50 mTorr and 
flow rate: 50 sccm. 
11. In order to remove the HSQ from the ridge waveguide structure, process 
the sample for wet etch with 10:1 ratio of RO water and HF solution for 60 
seconds. Rinse in water for 60 seconds and blows dry with gaseous 
nitrogen. 
12. Clean the sample in acetone, IPA and RO water for 1 minute each and 
blows dry with gaseous nitrogen. 
13. O2 ash on asher for 10 minutes at 100 Watt power. 
Step 4: Realization of current injection windows on the top of the waveguides 
structure. 
The same steps described in Annex III were carried out for the realisation 
of current injection windows on the top of the waveguides structure. 
Step 5 & 6: Realisation of p-contact and n-contact metallisation. 
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The steps described in Annex III were performed for the realisation of p-
contact metallisation on current injection windows on the top of waveguides 
structure and the realisation of n-contact metallisation on the back side of the 
sample. 
 
